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General Introduction 1 
 
 
1.1 Chirality 
 
Chirality or handedness is a phenomenon found in nature, which has captured the 
interest of chemists for over a century to such an extent that it has become a central 
theme in many areas of current research. The term chirality is derived from the Greek 
word cheir meaning hand and is used to describe a compound that is non-
superimposable on its mirror image. That is to say, no matter how the compound is 
turned or twisted, without the breaking of bonds, it is not possible to make the 
compound and its mirror image completely coincide. This principle may be related to 
ones right and left hand, which are also non-superimposable mirror images of each 
other, and thus, from that the term chiral was devised. 
 
The history of chirality began in 1815 when Biot1, a French physicist, discovered 
optical activity and the ability of a large number of organic compounds to rotate the 
plane of polarised light. The suggestion that these compounds actually had strongly 
related structures, which were the non-superimposable mirror image of each other, 
was made by Louis Pasteur2 while working as a graduate student for Biot in the period 
between 1848 and 1853. Pasteur had been given the task of studying two acids found 
in the dregs of wine and in doing so he noticed that optically inactive sodium 
ammonium tartrate existed as a mixture of two different kinds of crystals. Carefully 
and laboriously, Pasteur managed to separate the two types of crystals by hand and 
made a solution of each type in order to measure their optical activity.  Now he found 
that the specific rotations of the two solutions were exactly equal but of opposite 
signs, i.e. they rotated the plane polarised of light to an equal extent but in the 
opposite direction. All other properties of the two substances were identical. 
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In 1874, J. H. Van´t Hoff3a and J. A. LeBel3b independently proposed the tetrahedral 
arrangement of groups around the central carbon atom of a compound. When all four 
groups are different there is no plane or centre of symmetry, the substance is said to 
be chiral and two different tetrahederal arrangements of the substituents are possible 
which are non-superimposable (Figure 1). This was in fact the explanation for the 
observations of Pasteur. The two possible structures of a chiral compound are known 
as enantiomers which rotate the plane of polarised light in equal but opposite 
directions and interact with other chiral systems in sometimes a very different manner. 
The equal mixture of the enantiomers of a compound is known as a racemate or 
racemic mixture. 
 
mirror plane  
Figure 1 Enantiomers of a compound 
 
 
1.2 The importance of enantiomerically pure compounds 
 
It is a well-established fact that the two enantiomers of a compound often have quite 
different properties, which can have huge consequences for the pharmaceutical, 
agricultural, perfume and flavour industries. While in some cases this gives rise to no 
adverse effects, and in fact can even be beneficial, in other cases there can be serious 
consequences. A few examples of the different biological effects of enantiomers are 
given in Figure 2.  
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(S)-Limonene 1
(S): lemon odour
(R): orange odour
(S)-Carvone 2
(S): caraway odour
(R): spearmint odour
(S)-Thalidomide 3
(S): teratogenic effects
(R): sedative
(S)-Naproxen 4
(S): anti-inflammatory
(R): liver toxin
L-DOPA 5
(R): anti-Parkinson drug
(S): causes serious side effects
(R)-2-PPA 6
(S): inactive
(R): herbicide  
Figure 2 The different biological effects of enantiomers 
 
The (R)- and (S)- enantiomers of limonene 1 are different in that they give the 
characteristic smell of oranges and lemons, respectively. The enantiomers of carvone 
2 also each emit a different odour; the (R)-enantiomer smells like spearmint while the 
(S) is quite different and smells like caraway. The fact that enantiomers can interact 
differently with other chiral systems can have serious consequences in the 
pharmaceutical industry, since many drug compounds are also chiral. If administered 
as a racemic mixture it could be imagined that while one enantiomer of the drug will 
interact with a receptor in the desired fashion, the other enantiomer may or may not 
interact with that receptor. In the best-case scenario, the other enantiomer will not 
interact with a receptor to cause any adverse effects. In the worst-case scenario, 
however, the result can lead to severe and undesired side effects. Herein lies the 
explanation of the thalidomide tragedy of the 1960´s4. Thalidomide 3 was marketed as 
a racemic mixture and prescribed to pregnant women as a sleeping pill and to treat 
morning sickness. At the time however, it was not known that it would lead to severe 
birth defects in children whose mother had taken the drug in the initial stages of 
pregnancy. It was later discovered that while the (R)-form of the drug is an effective 
sedative, the (S)-form causes teratogenic effects in the human foetus. While being an 
answer to similar problems in many other cases, administration of the 
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enantiomerically pure drug would not have eliminated the problem in this case, since 
thalidomide undergoes racemisation with surprising ease in the body and thus the 
harmful enantiomer is regenerated5. 
There are numerous examples that demonstrate the beneficial effects when certain 
drugs are administered in an enantiomerically pure form. The anti-inflammatory drug 
Naproxen 4, for instance, is only marketed as the (S)-enantiomer since the (R)-
antipode is a liver toxin6. Similarly, L-DOPA 5 is used in the treatment of Parkinson´s 
disease, whilst D-DOPA causes serious side effects such as granulocytopenia7. 
Even when the other enantiomer does not do any harm it is a great waste to synthesise 
drugs, which then are only 50 % efficient. This stance is also taken by the agricultural 
industry and important agrochemicals such as α-phenoxypropionic acid herbicides, of 
which 2-PPA 6 is an example, are applied in their enantiomerically pure form since 
only the (R)-enantiomer is active8. The obvious advantage in this is the reduction in 
the applied dose to an extent difficult to obtain by other means. To avoid the 
enantiomeric ballast is now a fully accepted part of the strategy in the development of 
new drugs and agrochemicals. 
 
Apart from the aforementioned facts, market forces are also reinforcing the incentives 
for the development of single enantiomer compounds. The lucrative practice of 
racemic switching, which involves the development and patenting of the enantiopure 
form of an older racemic drug, does not only offer an improved therapeutic agent but 
also an extension of the patent life which is obviously very beneficial to the 
company9. 
 
 
1.3 Routes to enantiomerically pure compounds 
 
There are several methods which may be applied to obtain chiral compounds in an 
enantiomerically pure form. The most common methods used to achieve this goal are 
given in Figure 3. 
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Kinetic
Enzymatic Chemical
Enantiomerically pure compounds
Crystallization
Chemo-catalyzed
Bio-catalyzed
Asymmetric synthesis
Chiral pool Racemate Prochiral substrate
Synthesis Resolution
 
Figure 3 Routes to enantiomerically pure compounds 
 
The manipulation of a compound, which is already enantiomerically pure, such as α-
amino acids, carbohydrates, alkaloids and terpenes can be a very convenient method 
to obtain a different enantiomerically pure product. Over the years, by the use of these 
starting materials, known as the `chiral pool´, a large number of other compounds has 
been synthesised, whilst retaining the optical integrity of the original material. This 
approach, however, has its restrictions. Many of the naturally occurring compounds, 
which are included in the chiral pool, are only available in one enantiomeric form and 
there are limitations to the manipulation, which can be carried out on such 
compounds.  Moreover, if the process is to be cost efficient, then the available starting 
materials should be relatively inexpensive, and this condition is only fulfilled in a 
limited number of cases. 
 
The resolution of racemates is still the most widely used method for obtaining 
enantiomerically pure compounds, especially for industrial purposes. Separation is 
usually achieved by the differential crystallisation of diastereomers formed as a result 
of derivatisation of the racemate with a single enantiomer of the resolving agent10. 
This approach, however, only yields a maximum of 50 % of the desired enantiomer, 
unless the unwanted enantiomer can be recycled. The removal and recovery of the 
resolving agent is required before the desired enantiomer can be isolated.  Kinetic 
resolution uses either a chemical catalyst or an enzyme and relies on the principle that 
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one enantiomer of a racemate will react to form a product more rapidly than the other 
enantiomer. This is the result of a difference in the activation energy required to reach 
the diastereomeric transition states of the respective enantiomers of the substrate with 
another chiral species or reagent in a certain reaction. 
 
The third approach is termed asymmetric synthesis and involves the transfer of 
chirality from a chiral ligand, auxiliary or catalyst to a prochiral substrate in order to 
produce a new chiral compound where one of the two enantiomers predominates over 
the other. Obviously, the most interesting and economical way for industrial purposes 
is an asymmetric reaction performed in a catalytic manner through the use of a chiral 
catalyst. In this way, a large quantity of an optically active compound can be prepared 
by employing just a small quantity of a chiral catalyst rather than a stoichiometric 
amount. Under well-chosen conditions, one single molecule of a chiral catalyst can, in 
principle, direct the stereoselectivity of millions of chiral product molecules. Such 
reactions are highly productive and economical. A key issue in asymmetric synthesis 
is the efficacy and efficiency of the chirality transfer from the catalyst to the substrate. 
The aspect of catalytic asymmetric synthesis constitutes the main element in the 
chemistry which is described throughout this thesis. A somewhat more detailed 
discussion, therefore, is in place with regard to this topic. 
 
 
1.4 Asymmetric synthesis 
 
Asymmetric synthesis remains one of the most intriguing topics in the field of organic 
chemistry and can be divided into two main disciplines: enantioselective synthesis, 
which involves the reaction of a prochiral substrate with a chiral substance, and 
diastereoselective synthesis which involves the preferential formation of a single 
diastereomer by the creation of a new stereogenic center in an already chiral 
molecule. As already mentioned, one of the most important aspects of an asymmetric 
reaction is the potential of a catalysed process.  
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The first example of asymmetric catalysis was reported by Noyori and co-workers in 
196611.  While trying to elucidate the mechanism of the carbene reaction leading to 
the cyclopropanation of styrene by diazoacetates in the presence of a copper complex 
catalyst, they stumbled upon the formation of an optically active product when a 
chiral catalyst was used. Although an optical yield of less than 10 % was obtained, it 
was the stimulation for much more research in this area.  
 
In 2001, the Nobel Prize for Chemistry was awarded to three chemists for their 
research in the field of asymmetric catalysis. W. S. Knowles, R. Noyori and K. B. 
Sharpless were each honoured for their pioneering contribution to the development of 
catalytic asymmetric hydrogenation and oxidation reactions12. 
Knowles was commended for his groundbreaking work on catalytic enantioselective 
hydrogenation. In 1968, while at Monsanto, he discovered that it was possible to use a 
transition metal to produce a chiral catalyst that could transfer chirality to a non-chiral 
substrate13. His experiments were based on two discoveries that had been made 
previously, namely the Wilkinson catalyst14 [(PPh3)3RhCl] which is a soluble 
hydrogenation catalyst for unhindered olefins, and  Horner and Mislow´s synthesis of 
chiral phosphines15. Knowles hypothesis was to replace the achiral 
triphenylphosphine moiety in the Wilkinson catalyst with a chiral, optically active 
phosphine and, in doing so, create a new type of ligand that would be suitable for 
asymmetric hydrogenation. Applying this catalyst in the hydrogenation of α-
phenylacrylic acid 7 (Scheme 1) afforded (+)-hydrotropic acid 8 with an e.e. of 15 
%13. Although the enantioselectivity is rather poor and of hardly any practical use, the 
result proved that it was, in fact, possible to achieve catalytic asymmetric 
hydrogenation. These findings aroused the interest of several researchers and lead to 
the development of various other chiral ligands and a clearer understanding of the 
chirality transfer. Prominent among them were Horner15, 16, Kagan17, Morrison18a and 
Bosnich18b. 
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Ph
COOH
Ph
COOH
CH3
H
Ru[(PPh(CH3)(C3H7))3Cl]
H2
7 8
15 % e.e.  
Scheme 1 Knowles’ catalytic asymmetric hydrogenation 
 
This initial result also became the foundation for the first industrial application of a 
catalytic asymmetric hydrogention reaction which Knowles discovered while trying to 
find a practical synthesis for the rare amino acid L-DOPA 5, a compound which had 
proven to be useful in the treatment of Parkinson´s disease19. Knowles developed a 
cationic rhodium complex containing (R,R)-DiPAMP19 9, a chelating diphosphine 
with two chiral phosphorous centres, and found that it catalysed the highly 
enantioselective hydrogenation of enamide 10 to afford the protected amino acid 11 
(Scheme 2). Acid catalysed hydrolysis of 11 furnished L-DOPA 5 with an 
enantiomeric excess of 95 %. This reaction, the so-called Monsanto Process, has been 
in operation since 1974. 
 
 
NHAc
AcO
MeO COOH
NHAc
AcO
MeO COOH
NH2OH
OH COOH
P P
MeO
OMe
[Ru((R,R)-DiPAMP)COD]+BF4-
H2
10 11
5
95 % e.e.
H3O+
(R,R)-DiPAMP
9
L-DOPA
 
Scheme 2 The Monsanto synthesis of L-DOPA 
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In 1980, Noyori developed a new chiral diphosphine ligand BINAP 12 (Scheme 3) 
and soon discovered that it was an extremely versatile ligand that could be applied in 
various catalytic processes20. The rhodium (II) complexes of chiral BINAP 12 serve 
as catalyst precursors for the highly enantioselective hydrogenation of a range of α,β- 
and β,γ-unsaturated carboxylic acids21. An illustration is the hydrogenation of 13 
using 0.5 % of (S)-BINAP-Ru(OAc)2 complex to afford the anti-inflammatory agent 
(S)-Naproxen 4 in 92 % yield and with 97 % e.e. (Scheme 3)21. 
 
COOH
MeO
COOH
MeO
PPh2
PPh2
0.5 mol % (S)-BINAP-Ru(OAc)2
MeOH, H2
(S)-4
92 % Yield
97 % e.e.
13
12
BiNAP
Naproxen
 
Scheme 3 Catalytic asymmetric synthesis of (S)-Naproxen using Noyori´s BINAP catalyst 
 
Noyori also discovered that in the presence of the halogen-containing complexes 
[RuX(arene)BINAP)]X or RuX2(BINAP) where X = Cl, Br or I, a wide range of 
ketones could be hydrogenated in a highly enantioselective manner22. This particular 
area of work is discussed in more detail in Chapter 3, section 3.2.1. 
 
Alongside the advances made in catalytic asymmetric hydrogenation, Sharpless has 
developed chiral catalysts for application in asymmetric oxidation reactions. In 1980, 
Sharpless and Katsuki discovered a highly enantioselective epoxidation reaction using 
titanium (IV) tetraisopropoxide, t-butyl hydroperoxide and an enantiomerically pure 
dialkyl tartrate23. The epoxidation of allylic alcohols was achieved with excellent 
stereoselectivity23. Initially, stoichiometric amounts of Ti and the tartrate were 
required. Sharpless later found, however, that by the addition of molecular sieves to 
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the reaction mixture, to remove any traces of water, the reaction could be made 
catalytic where 5-10 mol % of the catalyst was sufficient24. This method opened up 
the way for a great structural diversity in the synthesis of products with high 
enantiopurity and has had very wide applications in both academic and industrial 
research. 
An industrial process for the ton-scale production of (S)- and (R)-glycidol and (S)- and 
(R)-methylglycidol, which are versatile building blocks for the pharmaceutical 
industry in the production of beta-blockers, utilises the Sharpless epoxidation25. 
Another successful industrial application of the Sharpless epoxidation is the synthesis 
of (7R,8S)-disparlure 16, the pheromone of the gypsy moth (Scheme 4)26. 
 
OH OH
O
O
Ti(i-OPr)4
(+)-DET
tosylation
n-(C10H21)CuLi
14 15
 (+)-Disparlure 16  
Scheme 4 Synthesis of (+)-disparlure by Sharpless asymmetric epoxidation 
 
The cis-dihydroxylation of olefins is another significant contribution made in the area 
of catalytic asymmetric oxidation. This process converts an olefin to a vicinal diol, a 
moiety, which is encountered in many natural as well as unnatural compounds. 
In the original dihydroxylation reaction, stoichiometric amounts of osmium tetroxide 
(OsO4), which is expensive, volatile and toxic27, were used. Over the years, the 
procedure has been modified to operate catalytically, more rapidly and in a better 
 10
General Introduction 
 
yield28. The idea of ligand accelerated catalysis was exploited by Sharpless et al. and 
it was found that by using appropriate cinchona alkaloid ligands, with a catalytic 
amount of osmium tetroxide and a stoichiometric amount of co-oxidant N-
methylmorpholine N-oxide (NMO), the dihydroxylation of olefins takes place in good 
yield and with good enantioselectivity (Scheme 5)28, 29. 
 
H
H
Ph
Ph
N
OMe
N
H
OsO4
H
O
O
Cl
N
OMe
N
H
OsO4
H
O
O
Cl
OH
OH
Ph
Ph
OH
OH
Ph
Ph
+
DHQD-CLB
DHQ-CLB
+
NMO (1.2 equiv.)
acetone; water, 0°C, 15h
89% yield
88% e.e.
78% e.e.
 
Scheme 5 Sharpless catalytic asymmetric dihydroxylation 
 
The aforementioned catalytic enantioselective reactions are just a few examples of 
those that have been developed over the last few decades. In spite of the rapid 
progress which has been made, there is still a relatively restricted choice of reaction 
types, and the level of stereoselectivity which can be achieved is often dependent on 
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the substrate. The latter point also signifies the requirement to develop new chiral 
ligands and catalysts, which are consistently efficient when applied in an asymmetric 
reaction with a variety of substrates. Although the development, and more 
importantly, the fine-tuning of new chiral agents, has received an enormous amount of 
attention, this remains an important and intriguing topic of research today. Chiral 
functionalised aziridines are amongst those ligands which have been developed for the 
purpose of transferring their chirality to a prochiral substrate in a number of 
asymmetric reactions30. Since the research described in this thesis focuses on such 
aziridines, a brief introduction to these three-membered ring heterocyclic compounds 
is necessary which includes their role in stereoselective synthesis. 
 
 
1.5 Synthetic applications of chiral aziridines 
 
1.5.1 Introduction 
 
Aziridines are saturated three-membered ring heterocyles containing one nitrogen 
atom. This class of compounds dates back to 1888 when Gabriel accidently 
synthesised the parent member31. Since then, chiral aziridines have found widespread 
use in organic synthesis in which stereo- and regio-controlled ring-opening reactions 
have dominated due to the highly strained three-membered ring30. As mentioned 
above, chiral aziridines can additionally serve as a source of chirality in stereo-
controlled reactions and have been utilised as both ligands and auxiliaries in 
asymmetric synthesis30. Both the typical ring-opening reactions of aziridines and their 
role as chiral ligands to promote stereoselectivity, feature in this thesis, with the latter 
more extensively. 
 
1.5.2 Ring-opening reactions  
 
In considering their ring-opening reactions, aziridines may be divided into two main 
groups according to the nature of the substituent on the nitrogen atom. Non-activated 
or simple aziridines are generally unsubstituted or possess alkyl or aryl N-substituents 
(Figure 4) and usually undergo ring-opening reactions after protonation, 
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quarternisation or formation of a Lewis acid adduct. Activated aziridines contain 
substituents, which are capable of stabilising the developing negative charge on the 
nitrogen atom during nucleophilic ring opening (Figure 4).  
 
N
R
N
G
"non-activated"
R = H, alkyl, aryl 
"activated"
G = COR, CO2R, SO2R  
Figure 4 Non-activated and activated aziridines 
 
In Chapter 4, two different reactions are described which result in the ring opening of 
an activated aziridine, namely direct hydrolytic opening by means of aqueous 1N 
sulfuric acid and the Heine reaction32 which actually results in a ring-expansion 
reaction, affording an oxazoline. A more detailed account of these particular reactions 
and an example of their importance in synthesis, are described in Chapter 4.  
 
1.5.3 Aziridines as building blocks 
 
Chiral aziridines are also attractive building blocks in organic synthesis and have been 
applied in the total synthesis of several natural products including alkaloids, amino 
sugars, amino acids and their derivatives, and β-lactam antibiotics, not to mention 
sphingosines. A novel method for the preparation of sphingosine, which utilises a 
chiral aziridine aldehyde as starting material is described in Chapter 4. Two other 
examples are given in Scheme 6 and Scheme 7.  
 
MeC CCH2MgBr
NH2 H N
HH
H
Me
N
Ts
Na, NH3 (l)
pumiliotoxin-C
17 18  
Scheme 6  Stereoselective synthesis of pumiliotoxin-C from chiral aziridine 17 
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Oppolzer and Flaskamp used chiral aziridine 17 in an enantioselective total synthesis 
of the alkaloid pumiliotoxin-C33 18. This was one of the first applications of an 
organometallic reagent for the ring opening of an activated aziridine (Scheme 6). 
 
OH
OR
NHTs
H
NH
O
OH
N
O
S(CH)2NH2
OH
HH H
CO2H
N
OR
OH Red-Al
92 %
thienamycin
19 20 21
22
Ts
 
Scheme 7 Enantiomerically pure trans aziridinyl alcohol 19 provides a route to carbapenem antibiotic 
thiemycin 
 
Thienamycin 22, a carbapenem antibiotic, has been synthesised from the aziridinyl 
alcohol 19 via a regio- and stereoselective ring opening using Red-Al 
([(CH3OCH2CH2O)2AlH2]Na) as the hydride donating reagent (Scheme 7)34. 
Similarly, other carbapenem antibiotics have been obtained utilising other suitable 
aziridinyl alcohols in their preparation35.   
 
1.5.4 Aziridines as chiral ligands 
 
The controlled density of stereochemical information located in the close proximity of 
a good σ-donor nitrogen makes chiral aziridines attractive ligands for asymmetric 
catalysis. Aziridine-2-carbinols, (2S,3R)-23, have been used in the preparation of 
oxazaborolidines (2S,3R)-24 in a similar manner to Corey´s proline-derived 
oxazaborolidines (see also chapter 3) for the enantioselective reduction of ketones 
(Scheme 8)36. In the reduction of acetophenone to (R)-phenylethyl alcohol, 
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enantioselectivities of over 90 % were achieved. A more detailed discussion of the 
asymmetric reduction of ketones is given in Chapter 3. 
 
N
H
R
OH
Ph Ph
N
B
H
O
Ph
PhR
H H
R = H, Me
(2S,3R)-23 (2S,3R)-24  
Scheme 8 Aziridines form oxazaborolidines, which can be used in the asymmetric reduction of ketones 
 
A series of aziridinyl alcohols has also been screened as catalysts for the 
enantioselective addition of diethylzinc to aldehydes (Scheme 9) in which a number 
has been found to be very efficient, producing secondary alcohols in high 
enantiopurity. This reaction is discussed in depth in Chapter 2. 
 
R
O
H R
OH
+ 2 Et2Zn
*
chiral ligand
 
Scheme 9 Diethylzinc addition to aldehydes using chiral aziridine-derived ligands 
 
N-Trityl-aziridinyl(diphenyl)methanol 25, the aziridinyl alcohol that features 
extensively throughout this thesis, has since been discovered to be an efficient ligand 
when applied in Ni-catalysed enantioselective 1,4-addition reactions (Scheme 10)37. 
 
O
MeO
O
MeO
N
OH
PhPh
Tr 25, 10 mol %
9 mol % Ni(acac)2
2.2 eq. Et2Zn
acetonitrile, -30 °C
26 27
e.e. 93 %
 
Scheme 10 Ni-catalysed enantioselective 1,4-addition to chalcone 26 using aziridinyl carbinol 25 
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On addition of diethylzinc to the methoxy chalcone 26, the product 27 was formed 
with an e.e. of 93 %37. 
 
Aziridinyl alcohols have also been applied as promoters in the addition of diethylzinc 
to N-(diphenylphosphinoyl)imines such as (E)-28 (Scheme 11)38. 
 
H
N
O
PPh2
Ph
NH
H
EtPh
O
PPh2
Bn
N
Me
OH
28 30
Et2Zn, 0 °C
63 %, 94 % e.e.
(2S,3S)-29
 
Scheme 11 Enantioselective addition of diethylzinc to N-(diphenylphosphinoyl)imine 28 using 
aziridinyl alcohol ligand 29 
 
Aziridinyl alcohol 29 leads to the formation of the amine 30 in 63 % yield and with 
and e.e. of 94 %. A stoichiometric amount of the ligand was necessary in order to 
achieve this result, use of a catalytic amount resulted in a reduction of the 
stereoselectivity (Scheme 11)38. 
 
 
1.6 Aim and outline of this thesis 
 
The research described in this thesis deals with the asymmetric addition of zinc 
reagents to various aldehydes by using aziridinyl carbinols as chiral catalyst, which 
eventually leads to an application in the total synthesis of the natural compound 
Sphingosine. 
In Chapter 2, a comparison of several aziridinyl carbinols in their ability to catalyse 
the diethylzinc addition to an assortment of aldehydes, varying from aromatic to 
aliphatic in nature, is made. This is an area, which has received a huge amount of 
attention in the development of new chiral ligands. While in many cases excellent 
stereoselectivities have been achieved in the addition to aromatic aldehydes, there is a 
serious lack of ligands, which can deliver equally good results when applied to 
aliphatic aldehydes.  
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The field of organozinc additions to aldehydes has been dominated by diethylzinc due 
to its reactivity and its commercial availability. Chapters 3 and 4 are devoted to the 
formation and reaction of organozinc reagents of a more elaborate nature to a variety 
of aldehydes. Chapter 3 focusses on the alkenylzinc addition to a number of aldeydes, 
in which the alkenylzinc reagents are prepared from various alkynes including those 
that are functionalised and sterically demanding. This reaction gives rise to 
synthetically very useful chiral allylic alcohols, which can undergo various 
transformations leading to other important chiral compounds. Chapter 3 looks also at 
the reduction of the so-formed allylic alcohols, which affords optically active 
saturated secondary alcohols that are sometimes difficult to obtain by other means. 
In Chapter 4, the total synthesis of sphingosine, a naturally occurring compound 
found in the cell membranes of essentially all eukaryotic cells and abundantly found 
in all plasma membranes as well as some intracellular organelles including 
endoplasmic reticulum, golgi complex and mitochondria, is described. Various 
strategies are discussed, including the preparation using the methodology which was 
successful in the asymmetric synthesis of allylic alcohols. 
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Catalytic Enantioselective Addition 
eactions of Diethylzinc to Aldehydes using 
Aziridinyl Carbinol Ligands 
R2 
 
2.1 Introduction 
 
One of the most studied processes in the field of the carbon-carbon bond forming 
reactions is the enantioselective addition of organometallic reagents to carbonyl 
substrates using chiral ligands1. The reaction is one of the most fundamental 
asymmetric reactions, affording optically active secondary alcohols when aldehydes 
are used, which can be valuable intermediates and components of naturally occurring 
compounds, biologically active compounds and materials such as liquid crystals2.  
Prof. T. Mukaiyama pioneered the work on the use of diamino ligands in 
organolithium and dialkylmagnesium additions3. Enantioselectivities of over 90 % 
were achieved in the addition of alkyllithium and dialkylmagnesium reagents to 
benzaldehyde, in the presence of the lithium salt of the chiral diamino alcohol ligand 1 
derived from (S)-proline (Scheme 1)3a-d. Since then several other highly 
enantioselective chiral ligands have been reported for the addition of alkyllithium, 
Grignard and alkyltitanium reagents to aldehydes4. These organometallic reagents 
react with aldehydes in the absence of chiral ligands however, to give racemic 
alcohols. Consequently, these reactions require at least a stoichiometric amount of the 
chiral ligand in order to achieve high enantioselectivity as the uncatalysed reaction 
must be suppressed as much as possible. In contrast, dialkylzinc reagents have a very 
low reactivity towards aldehydes in the absence of a suitable chiral ligand, thereby 
making this reaction ideal to be carried out in a catalytic fashion. A stoichiometric 
amount of ligand is no longer necessary, as the uncatalysed reaction virtually does not 
take place. 
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Scheme 1 The first clean nucleophilic addition of diethylzinc to benzaldehyde 
 
The addition of dialkylzincs to aldehydes, however, was slow to evolve not only 
because of the sluggish reaction but also because of an unwanted reduction reaction 
which can occur5. The first clean nucleophilic addition of diethylzinc to benzaldehyde 
was reported by Mukaiyama et al in the presence of β-amino alcohol 1 (Scheme 1)3c,d. 
1-Phenyl-propanol 2 was obtained in 76 % yield. Although no asymmetric induction 
was observed, the formation of a carbon-carbon bond suggested the possibility of 
asymmetric induction if the appropriate chiral β-amino alcohol ligand was used. 
Indeed, in 1984, Oguni and Omi reported a moderate enantioselectivity (49% e.e.) 
when a catalytic amount of (S)-leucinol was used in the reaction of diethylzinc with 
benzaldehyde6. Since then, the research on asymmetric organozinc additions to 
carbonyl compounds has grown dramatically. In 1986, Noyori and co-workers 
discovered (-)-3-exo-dimethylaminoborneol, (-)-DAIB, 3 to be the first highly 
enantioselective ligand for the dialkylzinc addition to aromatic aldehydes7. In the 
presence of 2 mol % of 3, diethylzinc reacts with benzaldehyde to form (S)-1-phenyl-
propanol 2 with 98 % e.e. (Scheme 2)7. Despite the many alternative β-amino alcohol 
ligands now available, the significantly lower e.e.´s that are usually obtained with 
aliphatic aldehydes means that the interest in finding new and improved ligands 
remains high. 
 
N(CH3)2
OH
3
H
O
Ph Ph
OH
Et2Zn+
2 mol % 3
ether/toluene, 0°C 
2
99 % yield, 98 % ee  
Scheme 2 Diethylzinc addition to benzaldehyde catalysed by (-)-DAIB 3 
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2.2 The role of the chiral ligand 
 
The necessity of suitable chiral ligands in the process of the diethylzinc reaction is 
well understood8-11. The chiral ligands employed in the reaction are necessary, not 
only to control the stereochemical outcome of the reaction, but also to activate the 
zinc reagent. As already mentioned, dialkylzinc compounds on their own are 
unreactive towards aldehydes due to the poor polarisation of the carbon-zinc bond. In 
fact, alkylation will only occur if the ratio of dialkylzinc to ligand is greater than 18. 
The generally accepted mechanism for the reaction is given in Scheme 3. 
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Scheme 3 Catalytic cycle of the reaction of aldehydes with diethylzinc 
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In the first step, the amino alcohol ligand reacts with one equivalent of diethylzinc to 
generate the tri-coordinated zinc species 4, thought to be the actual catalytic species9, 
and ethane. The Zn-Et group of 4 is unable to react with the aldehyde, thus a second 
equivalent of diethylzinc is required which results in the formation of equilibrating 
complexes 5 and 68. At this point, the co-ordination chemistry of the zinc atom 
changes from being linear, as in diethylzinc, to tetrahedral in the co-ordinated 
species12. Consequently, the bond length between the Zn and C atoms increases 
thereby decreasing the bond energy of the zinc-carbon bond and enhancing the 
nucleophilicity of the alkyl groups8. The co-ordinately unsaturated zinc atom therefore 
forms an excellent docking point for the aldehyde, its acceptor properties amplified by 
the co-ordination to the electronegative oxygen atom8,13. Consequently, complexes 7 
and 8 are formed in which the actual nucleophilic addition takes place. The zinc 
alkoxide 9 is formed and the catalytic species 4 is regenerated. The general fluxional 
nature of alkylzinc compounds means that they undergo ready interconversion with 
the possible structural isomers by intra- or intermolecular processes8. Consequently, 
alternative pathways involving structures not shown in Scheme 3 can, and probably 
do, take place. The reaction pathway has, however, been extensively studied and those 
intermediate structures depicted in Scheme 3 are agreed as being the most significant 
ones8,9.  
 
 
2.3 Amino alcohols as ligands 
 
Both homogeneous and heterogeneous catalysts have been developed and used in the 
dialkylzinc additions to aldehydes. In the category of chiral homogeneous catalysts, 
which also includes piperazines, quaternary ammonium salts, 1,2-diols, 
oxaborolidines and transition metal complexes with a chiral ligand, chiral amino 
alcohols particularly have become very important ligands in this reaction2. This class 
of compounds includes the acyclic amine-based amino alcohols such as DAIB7 3 and 
the ephedrine derived ligands11b,14 10 (Figure 1), and also cyclic amino alcohols. Soai 
and co-workers reported the first specially designed chiral catalysts for the 
enantioselective addition of dialkylzincs to aldehydes. A series of chiral 
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pyrrolidinylmethanols derived from (S)-proline were prepared in order to investigate 
the consequences of slight changes in structure on the outcome of the reaction15,16. 
Each of the ligands given in Figure 2 was applied in the diethylzinc addition to 
benzaldehyde17. The tertiary alcohol (S)-DPMPM 11 afforded the product (S)-1-
phenyl-propanol 2 in 97% e.e. In the presence of the primary alcohol 12, no optical 
activity was found at all. Erythro-PMPM 13 afforded the product with the R 
configuration in 72 % e.e. and threo-PMPM 14 gave the antipode of the product in 
only 31 % e.e. From these results Soai concluded that increasing the bulkiness of the 
alcohol moiety increased the asymmetric induction. It is interesting to note that in the 
case of 11, the carbon atom bearing the hydroxy group is not a chiral centre and 
therefore the sense of the enantioselectivity is determined by the configuration of the 
asymmetric carbon bearing the amino group. In the ligands 13 and 14, the carbon 
atom bearing the hydroxy group determines the outcome of the enantioselectivity.            
 
OH N
Ph
R
10  
Figure 1 Ephedrine derived ligands 
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N
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N
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Me
OH
H Ph
11 12 13 14  
Figure 2 Pyrrolidinylmethanols prepared by Soai and applied in the diethylzinc addition reaction to 
aldehydes 
 
Since this discovery, the attention given to heterocyclic amino alcohols as chiral 
catalysts in the addition of dialkylzincs to aldehydes has increased dramatically. The 
six18 and four19 membered equivalents of (S)-DPMPM 11 have since been prepared 
and found to give 74 % and 98 % e.e., respectively, in the same reaction. These results 
suggest that the ring size of the hetereocyclic ligand also has an influence on the 
reaction, in terms of the degree of induction. Perhaps the smaller ring size leads to 
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more effective auxilaries because of the increasing rigidity of the cyclic backbone. If 
this is true, it makes the study of chiral aziridinyl methanols as ligands in this reaction 
very attractive.  Indeed, the use of aziridines in the dialkylzinc addition to aldehydes 
has led to some interesting results. 
 
 
2.4 Aziridinyl methanols as ligands 
 
Various aziridine-derived ligands have also been applied in the dialkylzinc additions 
to aldehydes. The results which have been achieved vary according to the ligand and 
type of aldehyde substrate employed in the reaction. In 1998, Tanner and co-workers 
developed a number of aziridinyl methanol type ligands for the addition of diethylzinc 
to both aromatic and aliphatic aldehydes20. Three of these ligands are given in Figure 
3. Ligand 15 performed very well in the addition of diethylzinc to aromatic aldehydes, 
achieving up to 97 % e.e. However, in the case of aliphatic aldehydes its efficiency 
was greatly reduced and at best an e.e. of only 65 % with isovaleraldehyde is 
obtained. This observation is quite typical of many β-amino alcohols. In most cases 
their inducing capabilities are good to excellent where aromatic aldehydes are the 
substrates but are significantly lower in the case of aliphatic aldehydes. Ligand 16, 
which is structurally quite similar to 15, affords at best an e.e. of 62 %, obtained with 
benzaldehyde.  The aziridinyl methanol 17, which possesses the very bulky N-trityl 
substituent, gives a very poor result in the addition of diethylzinc to benzaldehyde 
achieving the product alcohol with only 2 % e.e. The authors suggest that the N-trityl 
substituent is too bulky to allow efficient chelate formation with diethylzinc20. 
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Et Et Et Et
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Me MeMe Me
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15 1716  
Figure 3 Aziridinyl methanols prepared by Tanner for the diethylzinc addition to aldehydes 
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Obviously, the degree of success which can be achieved in terms of selectivity is very 
much dependent on the ligand itself. Small structural changes can have quite 
substantial effects on the outcome of the reaction, a consequence that was also 
noticeable with the pyrrolidinylmethanol ligands developed by Soai and co-workers17. 
This fact strongly supports that the fine-tuning of ligands is absolutely essential in 
order to gain not only the best possible results for a range of aldehydes including 
aliphatic substrates, but also before general conclusions can be drawn about structural 
units. 
This, along with the necessity to find ligands that are consistently efficient in the 
addition of dialkylzinc reagents to aromatic and aliphatic aldehydes, prompted the 
investigation into a number of aziridinyl methanols as potential chiral auxiliaries in 
the dialkylzinc addition to a range of aldehydes both aromatic and aliphatic, and to try 
and find the relevant structural features of the ligand in order to achieve optimum 
results.  
 
 
2.5 Synthesis of aziridinyl methanol type ligands 
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Figure 4 Aziridine-derived ligands used in the diethylzinc addition reactions 
 
The aziridinyl methanol type ligands 18-23 shown in Figure 4 can be prepared on a 
multigram scale as outlined in the Schemes 4 and 5. Ligand 18 is prepared, as 
described for the azetidine equivalent21, by reaction of ethyl 2,3-dibromopropionate 
24 with optically pure (R)-1-phenylethylamine 25 under basic conditions which leads 
to ring closure and formation of 26 as a mixture of diastereomers in 85 % yield 
(Scheme 4). Separation of the two diastereomeric esters by column chromatography 
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gives the desired (S,R) and (S,S) ethyl N-methylbenzyl aziridine-2-carboxylates 26a 
and 26b in enantiopure form. Treatment of 26a with lithium aluminium hydride gives 
the aziridinyl methanol 18. 
 
Br Br
CO2Et
C6H5
NH2H
N
O
OEt
Ph
N
O
OEt
Ph
N
OH
Ph
+ +
24 25 26a 26b
18
Et3N, toluene
LiAlH4
THF, 0°C
 
Scheme 4 Synthesis of ligand 18 
 
Ligands 19-23 are prepared from L-serine methyl ester 27 by treatment with trityl 
chloride and subsequent ring closure affording the aziridine-2-carboxylic acid methyl 
ester 29 (Scheme 5). From 29, ligand 19 is accessible via reduction with lithium 
aluminium hydride and ligands 20-23 by reaction with the relevant Grignard reagent 
or lithium reagent22. 
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Scheme 5 Synthesis of ligands 19-23 
 
  
2.6 Results and discussion 
 
The aziridine-derived ligands 18-23 were tested as chiral ligands in the addition of 
diethylzinc to benzaldehyde. The results obtained should also give an insight into the 
effect of structural alterations on the efficiency of the ligand. The results of this 
investigation are collected in Table 1. 
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O
H
OH
*+ 2 Et2Zn
chiral ligand
toluene, r.t.
 
 
Ligand mol % ligand Yield (%) e.e. (%)a configurationb
18 20 45 58 S 
19 20 90 64 S 
20 20 90 99 S 
20 10 90 99 S 
20 5 90 99 S 
21 5 80 92 S 
22 5 85 91 S 
23 5 92 93 S 
20 2 85 60 S 
a Determined by chiral GC (Beta-DEX)   
b Determined by optical rotation   
 
Table 1 Enantioselective addition of diethylzinc to benzaldehyde catalysed by ligands 18-23 
 
From the results shown in Table 1, it can be clearly seen that ligands 20-23 which 
contain the diaryl carbinol group perform far better than ligands 18 and 19, which 
contain only the primary alcohol function. This result is not entirely unexpected given 
the findings of Soai et al17 and considering the reputation that the ´magic` 
diarylhydroxymethyl group has gained since. This particular structural unit has been 
increasingly more often used in auxiliaries, ligands and catalysts. Although it is not a 
stereogenic unit, it has been found to play a crucial role in various stereoselective 
reactions23. 
The presence of the sterically demanding trityl group also seems to have a positive 
effect on the chiral transfer or at least certainly has no adverse effects. This is contrary 
to what was concluded by Tanner and co-workers whose N-trityl ligand 17 produced 
almost no e.e. whatsoever in the product secondary alcohol20. This again highlights 
the necessity of fine-tuning the ligand in order to be sure about the effects of a 
particular structural unit. 
Of all the ligands tested, ligand 20 possessing both of the mentioned features, is the 
most efficient. Addition of diethylzinc to benzaldehyde is almost 100 % selective in 
the presence of 5 mol % of 20 and the product is obtained in the highest chemical 
yield. For this reason, the efficiency of 20 was further investigated in the addition of 
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diethylzinc and dimethylzinc to various other aldehydes including aliphatic aldehydes. 
The results of this investigation are presented in Table 2. 
 
R
O
H
N
OH
PhPh
Tr
R R´
OH
*
+ 2 R´2Zn
20, 5 mol %
toluene, r.t.
 
 
Entry R R´ Confign of 20 Yield (%) e.e. (%)a Confignb
1 Ph Et S 90 99 S 
2 Ph Et R 90 99 R 
3 p-MeOPh Et S 91 99 S 
4 p-ClPh Et S 80 99 S 
5 2-furyl Et S 69 99 S 
6 c-hexyl Et S 90  99e S 
7 c-hexyl Et R 90  95e R 
8 iso-butyl Et S 50  96e S 
9 iso-butyl Et R 45  96e R 
10 n-hexyl Et S 48  80e S 
11 Phc Me S 15 97 S 
12 Phd Me S 30 95 S 
13 c-hexyl Me S 36  99e S 
a Determined by chiral GC (Beta-DEX), b determined by optical rotation, c 2 equivalents of Me2Zn were used,  
d 4 equivalents of Me2Zn were used, e determined by 19F MR of MPTA-ester 
 
   
Table 2 Enantioselective addition of dialkylzinc to various aldehydes catalysed by the super ligand 20 
 
In the presence of 5 mol % of 20, the addition of diethylzinc to various aromatic 
aldeydes results in an e.e. of 99 % in each case (entries 1-4). A number of aliphatic 
aldehydes, including cyclic, branched and straight chain varieties, also give excellent 
enantioselectivities ranging from 80 % e.e. for heptaldehyde (entry 10) to 99 % e.e. 
for cyclohexylcarboxaldehyde (entries 6 and 7). The availability of both R and S 
antipodes of super ligand 20 means that both enantiomers of the product can be 
obtained in equally high chemical yield and enantioselectivity, as is demonstrated by 
entries 1 and 2. Dimethylzinc also adds to aldehydes with high selectivity in the 
presence of 20 (entries 11-13). The chemical yield of only 15 % obtained when two 
equivalents of dimethylzinc were used in the addition to benzaldehyde (entry 11), 
however, is less than satisfactory. This can be attributed to the significantly lower 
reactivity of dimethylzinc towards aldehydes in comparison with diethylzinc24. This 
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limitation could not be overcome to a satisfactory degree by applying a large excess 
of dimethylzinc. Only 30 % chemical yield was obtained when four equivalents were 
applied in the reaction with benzaldehyde (entry 12). 
 
The addition of diethylzinc to chiral amino aldehyde25 30 in the presence of 20 was 
also investigated and is worth commenting on. The results are given in Table 3. 
 
O
H
N
Tr
N
OH
PhPh
Tr
OH
N
Tr
*2 Et2Zn
20, 5 mol %
toluene, r.t.
+
30  
Confign of 20 Yield (%) d.e. (%)a Confignb
S 80 91 S,S 
R 80 40 S,R 
a Determined by chiral HPLC   
b The 1H NMR shift of the methine proton H-COH is at a  
higher field for the syn-isomer than the anti-isomer 
 
Table 3 Diastereoselective addition of diethylzinc to N-trityl-aziridine-2-(S)-carboxaldehyde catalysed 
by super ligand 20 
 
In the addition of diethylzinc to N-trityl-aziridine-2-(S)-carboxaldehyde25 30, the 
highest diastereoselectivity is achieved when the reaction is carried out in the 
presence of (S)-20. This can be explained by a matching effect on the chirality transfer 
of (S)-20, while for its enantiomer (R)-20 there is a mismatch of stereogenic centres. 
The configurational outcome of the product however, is solely determined by the 
configuration of the ligand. Determination of the configuration of the product 
aziridine-2-alcohol should also be commented on. The relative configurations of other 
aziridine-2-alcohols derived from 30 have been ascertained by X-ray diffraction 
analysis. The 1H NMR absorption of the methine proton of the anti-isomers were 
found to be at a lower field than that of the syn-isomers26,27.  
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2.7 Mechanistic considerations 
 
The mechanism of the catalytic cycle given in Scheme 3 is well understood and 
already described in section 2.2. This mechanism, however, does not reason the 
stereochemical outcome of the reaction, only the requirement of the catalyst for the 
addition to take place. The stereochemical aspects of the reaction are more 
complicated and although various transition state models have been proposed20,28 in 
the literature on the basis of experimental observations and supported by molecular 
modelling28e,f, they do not sufficiently define how the structural units of the ligand 
have an effect on the positioning of the aldehyde and thus the final stereochemistry of 
the product. This is, however, not too surprising given the small energy differences 
between the transition states leading to the enantiomeric products. As is apparent from 
the literature, and also from this study, subtle structural changes in the ligand can have 
a considerable effect on the stereochemical outcome of the reaction. In order to 
explain the stereochemical results obtained for the aziridinyl methanol type ligands 
used in this study a modified version of one of the literature models has been used28c 
(Scheme 6). 
In analogy with Scheme 3, species 31 may be considered as the catalytic species. 
Addition of a second equivalent of diethylzinc leads to complex 32. Although in the 
general mechanism given in Scheme 3, an equilibium between the general formulae 5 
and 6 is shown, molecular modelling suggests that actually only species 5 exists, i.e. 
32 in this specific case, shown in Scheme 6. The trityl group is so large that the space 
surrounding the zinc atom Zna in the structure is not sufficient to accommodate a 
second ethyl group. Many of the proposed transition states in the literature also 
support this statement, portraying the zinc atom co-ordinated between the nitrogen 
and oxygen atoms, i.e. Zna, as possessing only one ethyl group. Hence, the ethyl 
group transfer takes place via the exocyclic zinc atom in the species 32. The position 
of the ethyl group to be transferred is apparently also determined by the sterically 
encumbering trityl group, the best and possibly only position of the ethyl group 
pointing down and slightly towards the back. In this position, the ethyl group fits most 
comfortably into the space available. It is therefore zinc atom Zna where the aldehyde 
will complex. The two phenyl groups of the diphenylhydroxymethyl moiety prevent 
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complexation of the aldehyde from the rear of the catalyst and therefore, 
complexation occurs at the front side as shown in complexes 33 and 34. 
Two modes of complexation can be envisaged, viz. 33 and 34, involving both 
enantiotopic faces of the aldehyde. The manner in which this occurs is again down to 
the trityl group. Although difficult to see in the transition state representation, 
molecular modelling clearly indicates that the most favourable position in which the 
aldehyde will co-ordinate is that in which the substituent of the aldehyde has a 
pseudo-axial orientation as in species 33. A pseudo-equatorial orientation of the 
aldehyde substituent, as shown in complex 34, is likely to cause too much steric 
conflict with the phenyls of the trityl group. Shaded areas around the trityl group and 
the aldehyde substituent are used in order give some idea about the space that each of 
the groups will occupy. As the trityl group can rotate, it occupies a large area and 
therefore the aldehyde will co-ordinate in the manner in which there is minimal steric 
crowding. The more favourable complexation mode is thus 33, which leads to the 
formation of the product alcohol with the (R) configuration and indeed, experimental 
observation supports this prediction. When (R)-20 is applied in the reaction, the 
product alcohol has the (R) configuration and vice versa, when (S)-20 is applied, the 
resulting alcohol has the (S) configuration. Species 35 and 36 represent the two 
possible six-membered ring transition states of complex 33. The positioning of the 
right-hand side of the six-membered ring, i.e. Zna-O-Znb, is fixed because of the 
adjacent five-membered ring connected with the aziridine ring and points upwards as 
shown in the diagram. Molecular modelling indicates that the boat-like conformation 
35 is more favourable than chair-like conformation 36. This is because of the steric 
effects inflicted by the ethyl groups of Zna and Znb on the aldehyde substituent. For 
the sake of clarity, the subsituent of the aldehyde has been included as a phenyl group. 
As is quite apparent from the transition state representations, the steric crowding is by 
far more pronounced in the chair-like conformation 36 than in the boat-like 
conformation 35. 
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Scheme 6 Working model for the transition state of the diethylzinc addition to aldehydes catalysed by 
aziridinyl methanol (R)-20 
 
Ligands 21-23 which also feature the N-trityl substituent and the ´magic` 
diarylhydroxymethyl group are comparable to ligand 20. Enantioselectivities remain 
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high for each of these ligands although the chemical yields are a little lower. This can 
perhaps be explained by the larger diarylhydroxymethyl groups, which are present. 
The rear-side of the catalyst is still protected and thus preventing co-ordination of the 
aldehyde in this manner. However, the larger group now also has a larger influence on 
the co-ordination at the front of the catalyst, efficient co-ordination is hampered 
somewhat and which adversely affects the chemical yield. 
The addition of diethylzinc to N-trityl-aziridine-2-(S)-carboxaldehyde 30 has similar 
consequences, although now an additional factor comes into play. This aldehyde also 
contains the sterically encumbering N-trityl group. The stereochemistry of the 
aldehyde, or especially how this will cause interaction between the substituent of the 
aldehyde and the structural units of the catalyst, has to be taken into consideration 
when predicting the stereochemical outcome of the reaction. It seems quite apparent 
from molecular modelling that when the catalyst and the aldehyde have the same 
stereochemistry the same favourable transition state, as is described above for other 
aldehydes, applies. The aldehyde substitutent takes the pseudo-axial position and 
because of the stereochemistry, the N-trityl group of the aldehyde is in a location far 
enough away from the N-trityl group of the catalyst to come into conflict. In this case 
especially, the aldehyde substituent can, without doubt, only retain a pseudo-axial 
position and there is little, if any, steric hindrance from the trityl group of the catalyst. 
In this position the trityl group of the aldehyde also does not come into conflict with 
the phenyls of the diphenylhydroxymethyl group. A pseudo-equatorial position is, 
undoubtedly, sterically not possible. There is not only a strong steric conflict between 
the two trityl groups but there is also steric interaction between the trityl group of the 
aldehyde and the phenyls of the diphenylhydroxymethyl group. Experimental 
observation supports this theory and the (S,S)-diastereomer of the product alcohol was 
overwhelmingly formed when both the aldehyde and ligand have the (S) 
configuration. This diastereomer could only be formed when the aldehyde substituent 
has the pseudo-axial orientation.  
 
The situation however is quite different when the aldehyde and catalyst have opposite 
stereochemistries. The difference between the transition states is not as clear-cut as 
when the stereochemistries of the aldehyde and ligand are the same, although one 
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does seem to be somewhat more favourable than the other. The most favoured 
position of the aldehyde substituent remains the pseudo-axial orientation. Although 
the situation is not as ideal as that described above for the catalyst and aldehyde with 
the same stereochemistry, it seems to be the position in which there is minimal steric 
conflict between the two trityl groups and between the trityl group of the aldehyde 
and other structural members of the complex. A pseudo-equatorial orientation not 
only causes steric problems between the two trityl groups but also between the trityl 
group of the aldehyde and the phenyls of the diphenylhydroxymethyl group and thus 
this has to be the unfavourable transition state. The difference between the two 
possible transition states in terms of steric hindrance is a great deal smaller than in the 
case where the stereochemistries of the aldehyde and catalyst are the same, hence the 
reduced selectivity which is achieved. The experimental results support this 
suggestion. When (R)-20 was applied in the diethylzinc addition to N-trityl-aziridine-
2-(S)-carboxaldehyde 30, the d.e. was found to be 40 % in which the (S,R)-
diastereomer was predominantly formed. 
 
 
2.8 Concluding remarks 
 
The results described in this chapter reveal that aziridinyl methanol type ligands can 
serve as efficient catalysts in the asymmetric addition of diethylzinc to aldehydes. The 
study quite clearly supports that structurally fine-tuning a ligand is important if 
optimum chiral induction is to be achieved. The three-membered ring of the ligands, 
which provides conformational rigidity, almost certainly has a beneficial effect on the 
chiral induction. However, there are two other prominent features of the ligands, 
which quite evidently have a marked effect on the degree of chiral induction exerted.  
The first is the `magic´diarylhydroxymethyl group. This renowned structural unit has 
once again proven to be a very proficient component of chiral ligands. From the 
aziridinyl methanol ligands studied, the ligand containing the diphenylhydroxymethyl 
group produced the best results in terms of enantioselectivity and chemical yield. The 
second is the sterically demanding nitrogen substituent. The results obtained clearly 
rule out any problems regarding efficient chelate formation because of the trityl 
group. Contrary to these conclusions made by Tanner and co-workers, the presence of 
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the bulky N-trityl group had no ill effect whatsoever on the chiral induction and, in 
fact, the best enantioselectivities were achieved when the chiral ligand contained both 
this unit and the diphenylhydroxymethyl group (super ligand 20). The interaction of 
the aldehyde substrate with the zinc complex of this super ligand can be viewed as a 
case of favourable spatial locking in. The energy difference with any alternative 
interaction is to such an extent that a high enantioselectivity is achieved. 
 
The availability of both (R)- and (S)-antipodes of super ligand 20, and the use of these 
in the addition of diethylzinc to various aldehydes, allowed the preparation of both 
enantiomers of the product secondary alcohols. In each case, the (S)-ligand led to the 
formation of the (S)-product and the (R)-ligand to the (R)-product. In the addition of 
diethylzinc to N-trityl-aziridine-2-(S)-carboxaldehyde 30, both diastereomers of the 
product alcohol (S,S- and S,R-) could be prepared by separately applying (S)-20 and 
(R)-20 as chiral ligand. The configuration of the chiral centre formed as a result of the 
addition is dependent on the configuration of the chiral ligand. The degree of chiral 
induction however is affected according to whether the chiral centres of the ligand and 
aldehyde co-operate, i.e. they are matched, and thus achieving a high degree of 
selectivity in the product. This was found when (S)-20 was applied in the reaction, 
affording the (S,S)-diastereomer in 91 % d.e. When (R)-20 was applied in the reaction 
however, the (S,R)-diastereomer was achieved in 40 % d.e. The lower selectivity 
obtained in this case may be explained by the mis-matching interaction between the 
chiral centres of the aldehyde and ligand. 
 
 
2.9 Experimental details 
General remarks 
Melting points were determined using a Reichert thermopan microscope and are 
uncorrected. Optical rotations were measured with a Perkin Elmer automatic 
polarimeter, model 241 MC, using concentrations c in g/100ml at 20 °C in the 
solvents indicated. 1H and 13C NMR spectra were recorded with a Bruker AC-300 
spectrometer. The chemical shift δ is given in ppm relative to the internal standard 
TMS for 1H-NMR and CDCl3 for 13C-NMR. FTIR spectra were recorded on an ATI 
Mattson – Genesis Series FTIR spectrometer. The wavenumbers ν are given in cm-1. 
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For HPLC a Shimadzu LC-10AD VP liquid chromatograph was used equipped with a 
chiral Daicel Chiralcel. Detection was at 254 and 220 nm at a flow rate of 0.5 ml/min 
and ambient temperature. For high-resolution mass spectra a double focussing 
VG7070E mass spectrometer was used. GC-MS were measured using a Varian Saturn 
II GC-MS by on column injection (DB-1 column, length 30m, internal diameter 0.25 
mm, film thickness 0.25 µm). Elemental analyses were performed using a Carlo Erba 
instrument CHNS-O EA 1108 element analyser.  
 
Chemicals 
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride 
and stored over 4Å molsieves. THF was pre-distilled from calcium hydride, and prior 
to use distilled from sodium/benzophenone. Hexane, heptane, ethyl acetate and 
dichloromethane were distilled from calcium hydride and stored over 4Å molsieves. 
Toluene was distilled from sodium and stored over 4Å molsieves. All other reagents 
were analytical grade and used as such. All aldehydes were distilled or recrystallised 
prior to use. 
 
Synthesis of aziridinyl methanol type ligands  
Ethyl 1-(1(R)-phenyl-ethyl)-aziridinyl-2(S)-carboxylate 26 
A solution of ethyl 2,3-dibromopropionate (50 g, 0.192 mol) in toluene (120 ml) was 
cooled to 0 °C and a solution of triethylamine (53.6 ml, 0.384 mol) in toluene (150 
ml) was slowly added. The reaction mixture was stirred at 0 °C for 10 min. and (R)-
(1-phenylethyl)amine (26 ml, 0.2 mol) was added dropwise. The mixture was heated 
at reflux for 4 h and then allowed to attain to room temperature. The reaction mixture 
was filtered and the residue was washed with ether. The solvent was removed in 
vacuo and the crude product was obtained as a mixture of two diastereomers 26a and 
26b. The two diastereomers could be partially separated by column chromatography 
(SiO2, hexane/ethyl acetate, 7:3) to give pure 26a (15.0 g), pure 26b (10.0 g) and a 
mixture of the two (11.0 g). 
1H NMR (300 MHz) δ: 1.21 (3H, t, J 7.1,  -CH2CH3), 1.48 (3 H, dt, J 6.6,  -
NCHCH3), 1.58 (1 H, dd, J 6.4, 1.0, β H), 2.13 (1 H, dd, J 3.1, 1.0, β H), 2.21 (1 H, 
dd, J 6.4, 3.1, α H), 2.54 (1 H, q, J 6.6, PhCH-), 3.74 (3 H, m, -CH2CH3), 7.21-7.39 (5 
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H, m, arom.); 13C NMR δ: 14.08 (-CH2CH3), 23.48 (-NCHCH3), 34.80 (-CH2CH3), 
37.07 (αCH-), 60.88 (βCH2), 69.65 (-CHPh), 126.38-128.35 (CAR.), 143.69 (CAR.), 
170.55 (-C=O). 
 
1-(1(R)-Phenyl-ethyl)-aziridin-2(S)-yl methanol 18 
A solution of compound 26a (13.0 g, 59.4 mmol) in THF (150 ml) was added 
dropwise to a suspension of lithium aluminium hydride (2.0 g, 52.6 mmol) in THF 
(100 ml) at 0 °C. The mixture was stirred for 6 h until TLC (hexane/ethyl acetate, 1:1) 
showed the absence of starting material. The suspension was quenched with water (10 
ml) which was added dropwise at 0 °C and stirred overnight. The mixture was filtered 
and the residue washed with ether (3x 20 ml). Removal of the solvent in vacuo 
yielded the crude product as a thick oil which was purified by column 
chromatography (SiO2, ethylacetate) to the pure product yield: 9.90 g (95 %). [α]20D = 
+53.3 (c = 10.1, CHCl3). 
1H NMR (300 MHz) δ: 1.43 (3H, d, J 6.6, -CH3), 1.50 (1H, d, J 6.5, βCH2-), 1.66-
1.70 (1H, m, βCH2-), 1.93 (1H, d, J 3.5, αCH-), 2.54 (1H, m, -CH2OH), 3.33 (1H, dd, 
J 11.5, 5.2, -CH2OH), 3.61 (1H, dd, J 11.5, 3.6, -CHPh), 7.39-7.24 (5H, m, arom.); 
13C NMR δ: 22.75 (-CH3), 31.27 (βCH2-), 39.22 (αCH-), 62.24 (-CHPh), 69.25 (-
CH2OH), 126.42-144.32 (CAR.). 
 
Methyl N-tritylserinate 28 
To an ice-cooled solution of L-serine methyl ester hydrochloride (5.00 g, 32.1 mmol) 
in dichloromethane (30 ml) Et3N (9.8 ml, 71 mmol) was added dropwise. The reaction 
mixture was stirred for 10 min. before a solution of trityl chloride (9.09 g, 33 mmol) 
in dichloromethane (50 ml) was added gradually. The reaction mixture was stirred 
overnight at ambient temperature. The progress of the reaction was monitored by TLC 
(hexane / ethyl acetate, 1 : 1).  The reaction mixture was washed with 10 % citric acid 
(3x 30 ml) and water (2x 20 ml), dried over MgSO4 and concentrated in vacuo. 
Removal of the solvent yielded 11.2 g (96 %) of a white solid. 1H NMR (100 MHz, 
CDCl3) δ : 3.29 (s, 3H, OCH3),  3.63 (2 H, m, ), 5.29 (s, 2H, NH, OH), 7.18-7.54 
(15H, arom.)  
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Methyl N-trityl-(2S)-aziridine-2-carboxylate 29 
Compound 28 (11.00g, 30.5 mmol) was dissolved in dry THF (70 ml) and cooled in 
an ice bath. Et3N (10 ml, 68 mmol) was added and the reaction mixture was stirred for 
5 min. Methanesulfonyl chloride (3.3 ml, 42.6 mmol) was added very slowly over 15 
min. and stirred for 20 min. at 20 °C. The temperature was raised to 66 °C and the 
reaction mixture was heated at reflux for 48h. The progress of the reaction was 
monitored by TLC (hexane / ethyl acetate, 7 : 3). The reaction mixture was cooled to 
room temperature and ethyl acetate (75 ml) was added, followed by extraction with 
aqueous citric acid (10%) (3x 20 ml) and saturated aqueous sodium hydrogen 
carbonate solution (3x 20 ml). The combined organic layers were dried (MgSO4) and 
concentrated in vacuo to give a solid, which on washing with hexane gave the 
product, 8.9 g, 85%. mp 127-129 °C (lit.22 127-129°C), [α]20D = -86.3, (c=1, CHCl3); 
1H NMR (100 MHz) δ 1.4 (1 H, dd, J 1.5 and 6.2, β H), 1.89 (1 H, dd, J 2.7 and 6.1, 
α H), 2.25 (1 H, dd, J 1.6 and 2.7), 3.76 (3 H, s, -OCH3), 7.55-7.22 (15 H, m, arom.); 
IR νmax (KBr)/cm-1 3100-3000, 3000-2900, 1740 (C=O) and 1600. alc. For C23H21O2N 
(343.43): C 80.44, H 6.16, N 4.08 %, found C 80.11, H 6.23, N 4.07 %. 
 
N-Trityl-aziridin-2S-yl-methanol 19 
Compound 29 (6.50 g, 18.9 mmol), dissolved in dry THF (60 ml), was added 
dropwise to a suspension of lithium aluminium hydride (0.72 g, 18.9 mmol) in THF 
(20 ml) at 0 °C. The reaction mixture was stirred for 2 h at room temperature and the 
reaction followed by TLC (hexane / ethyl acetate, 7 : 3). The mixture was diluted with 
ether, followed by careful addition of water (2.9 ml) and then stirred for 4h. The 
reaction mixture was passed through a bed of MgSO4 and the solvent evaporated to 
yield a thick liquid. On filtering through silica gel the product was obtained as a solid, 
5.24 g (88 %). mp 124-126°C (lit.29 127-129°C). [α]20D = +8.8°, (c=1, CH2Cl2); 1H 
NMR (100 MHz) δ 1.11 (1 H, d, J 6.2, -NCH2), 1.55 (1 H, m, -NCHCH2OH ) 1.85 (1 
H, d, J 3.2, -NCH2-), 3.8 (2 H, m, -CH2OH) 7.3 (15 H, m, arom.); MS (EI): m/e: 284 
(M+-CH2OH, 0.5), 257 (2), 243 (100), 77 (10), 33 (19). Calcd for C22H21NO: C, 
83.77; H, 6.71; N, 4.44. Found: C, 84.01; H, 6.83; N, 4.44. 
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N-Trityl-aziridin-2S-yl-(diphenyl)methanol (S)-20 
Magnesium (744 mg, 30.6 mmol) was stirred in dry ether (25 ml) and a solution of 
bromobenzene (3.3 ml, 30.6 mmol) in ether (20 ml) was added dropwise at room 
temperature. The mixture was heated at reflux for 2 h until the magnesium had 
dissolved. The reaction mixture was then cooled to room temperature and a solution 
of compound 29 (3.09 g, 9 mmol) in dry THF (15 ml) was added dropwise. The 
progress of the reaction was followed by TLC (CH2Cl2) and after 1.5 h showed the 
absence of starting material. The reaction mixture was quenched with saturated 
aqueous (NH4)2SO4 solution, extracted with ether and the organic layer dried 
(MgSO4). Removal of the solvent in vacuo yielded a thick liquid. The crude mixture 
was purified by column chromatography (SiO2, hexane: ethyl acetate 12:1, Et3N 1 
ml/litre) and the resulting solid recrystallised from methanol/Et3N (50 ml/15 drops) to 
afford 2.93 g of white solid (69.7 %). m.p. 134-135 °C (lit.22 133.5-134.5°C). [α]D20 -
81.6 (c=1, CHCl3). 
13C NMR δ: 23.8 (βCH), 41.4 (αCH), 73.9 and 74.0 (Ph3C-, COH), 125.7-146.9 
(CAR.); IR νmax (KBr)/cm-1 3500-3300 (OH), 3100-3000 (arom.), 1600 (arom.); MS 
(EI): m/e: 390 (M-C6H5+, 0.5 %), 243 (PhC+, 100 %), 165 (PhC- Ph+, 53.5 %), C6H5+, 
25.6 %). Calc. for C34H29NO (467.61): C 87.33, H 6.25, N 3.00 %. Found:  C 87.22, 
H 6.26, N 2.96 %. 
 
N-Trityl-aziridin-2R-yl-(diphenyl)methanol (R)-20 
(R)-20 was prepared in the exact same manner as for (S)-20, starting from D-serine 
and following the reaction sequence as described for (S)-20. m.p. 135-136 °C (lit.22 
133.5-134.5°C). [α]D20 +81.9 (c=1, CHCl3). 
 
N-Trityl-aziridin-2S-yl-(dinaphtalen-2-yl)methanol 21 
n-Butyllithium (7.0 ml, 11.2 mmol, 1.6 M in hexane) was dissolved in THF (10 ml) at 
0 °C and then the solution was cooled to –78 °C. A solution of 2-naphthylbromide 
(2.30 g, 11.0 mmol) in THF (20 ml) was added dropwise over a period of 20 min., 
after which the reaction mixture was stirred for a further 20 min. The temperature was 
raised to –65 °C and a solution of compound 29 (1.70 g, 5.0 mmol) in THF (15 ml) 
was added gradually over 15 min. The reaction mixture was stirred for 1.5 h at –60 °C 
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and then allowed to come to room temperature. The progress of the reaction was 
followed by TLC (hexane/ethyl acetate, 10:1). The reaction mixture was quenched 
with saturated aqueous (NH4)2SO4 solution, extracted with ether (2x 25 ml) and dried 
(MgSO4). The solvent was removed in vacuo and the crude product purified by 
column chromatography (SiO2, hexane/ethyl acetate, 10:1) to give a white foam, 1.40 
g (50 %). [α]D20 -128.6 (c=1, CHCl3) 
1H NMR (100 MHz) δ: 1.39 (1 H, d, J 6, β H), 2.18 (1 H, d, J 6, β H), 2.55 (1 H, dd, J 
3 and 6, α H), 4.60 (1 H, s, OH), 7.05-8.00 (25 H, m, arom.); 13C NMR δ:  24.1 
(βCH), 41.3 (αCH), 74.2 and 74.6 (-N-CPh3, -COH), 124.4-144.0 (CAR.); IR (CCl4) 
νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 (alkyl); m/z (EI) (%): 567 
(M+, 0.2), 324 (-CPh3, 0.5), 243 (Ph3C⊕, 100), 165 (Ph2C⊕, 56.3). Found: 88.25 % C, 
6.51 % H, 2.33 % N. 
 
N-Trityl-aziridin-2S-yl-(diphenanthren-9-yl)methanol 22 
The same procedure as described for compound 21 was followed using n-butyllithium 
(6.5 ml, 10.4 mmol, 1.6 M in hexane), 9-bromo-phenanthrene (2.57 g, 10.0 mmol) 
and compound 29 (1.70 g, 5.0 mmol). The crude product was purified by column 
chromatography (SiO2, hexane/ethylacetate, 12:1) and recrystallised from methanol to 
give a white solid, 1.17 g (35 %). [α]D20 -102 (c=1, CHCl3). 
1H NMR (100 MHz) δ: 1.42 (1 H, d, J 1, β H), 2.26 (1 H, d, J 0.5, β H), 2.74 (1 H, m, 
α H), 5.14 (1 H, s, OH), 6.67-8.46 (33 H, m, arom.); 13C NMR δ:  25.4 (βCH), 42.7 
(αCH), 74.9 and 78.0 (-N-CPh3, -COH), 122.2-143.6 (CAR.); IR (CCl4) νmax/cm-1: 
3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 (alkyl); m/z (EI) (%): 667 (M+, 0.1), 
424 (-CPh3, 1.1), 243 (Ph3C⊕, 51.5). 
 
N-Trityl-aziridin-2S-yl-(di-4-methoxyphenyl)methanol 23 
The same procedure as described for compound 21 was followed using n-butyllithium 
(6.5 ml, 10.4 mmol, 1.6 M in hexane), p-methoxy bromobenzene (2.24 g, 10.2 mmol) 
and compound 29 (1.70 g, 5.0 mmol). The crude product was purified by column 
chromatography (SiO2, hexane/ethylacetate, 4:1) to give a white solid, 1.17 g (35 %). 
m.p. 65-68 °C. [α]D20 -107 (c=1, CHCl3). 
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1H NMR (100 MHz) δ: 1.97 (1 H, d, β H), 2.03 (1 H, d, J 3, β H), 2.25 (1 H, dd, α H), 
3.70 and 3.75 (2s, OCH3), 4.23 (1 H, s, OH), 6.64-7.37 (25 H, m, arom.); 13C NMR δ:  
23.9 (βCH), 41.7 (αCH), 52.1 and 55.1 (OCH3), 74.0 and 73.6 (-N-CPh3, -COH), 
113.1-158.3 (CAR.); IR (CCl4) νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 
2980 (alkyl), 1140 (OCH3); m/z (EI) (%): 527 (M+, 0.1), 285 (-CPh3, 17), 243 (Ph3C⊕, 
100), 165 ( Ph2C⊕, 37.5). 
 
N-trityl-aziridine-2-(S)-carboxaldehyde 30 
Chiral aldehyde 30 has been described in Chapter 4 and was prepared accordingly. 
 
Enantioselective diethylzinc additions 
General procedure 
The appropriate ligand (5, 10 or 20 mol %) was dissolved in dry toluene (15 ml) and 
the aldehyde (5 mmol) was added. The reaction mixture was cooled to 0 °C before the 
addition of Et2Zn (10 ml, 10 mmol, 1 M in hexane) and then stirred overnight at room 
temperature. The reaction mixture was quenched with saturated aqueous (NH4)2SO4 
solution (5 ml) and the product extracted with ether. The organic phase was dried 
(MgSO4) and concentrated in vacuo. Purification by column chromatography (SiO2, 
hexane/ethylacetate, 4:1) gave the product as a thick oil. 
 
Determination of enantioselectivity 
The enantioselectivity of the product alcohols was determined in most cases by chiral 
GC analysis (BetaDEXTM 120 fused silica column by Supelco). The enantioselectivity 
of 1-cyclohexyl-1-propanol, nonan-3-ol and 5-methyl-hexan-3-ol the corresponding 
(+)-α-methoxy-α-trifluoromethyl-phenylacetic esters were prepared and analysed by 
19F NMR. The configuration of the products was established by comparison of their 
absolute optical rotation with literature values. 
The diastereoselectivity of the product obtained from addition of diethylzinc to N-
trityl-aziridine-2-(S)-carboxaldehyde 30 was determined by chiral HPLC.  
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of Alkenylzinc Reagents to Aldehydes 
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3.1 Introduction 
 
The catalytic asymmetric addition of alkenylzinc reagents to aldehydes affords 
synthetically very versatile chiral allylic alcohols. Alcohols of this type are key 
intermediates in numerous reactions including cyclopropanation reactions, 
aziridination reactions, epoxidations, dihydroxylations, brominations and allylic 
substitution reactions (Figure 1). The allylic alcohol unit is also present in many 
naturally occurring compounds, such as sphingosine (see Chapter 4). In spite of the 
importance of allylic alcohols, the application of alkenylzinc reagents in asymmetric 
catalysis has been somewhat limited so far, quite the opposite to their dialkyl 
counterpart, even though they tend to be more reactive1-5. An explanation of this may 
be that in general alkenylzinc reagents are thermally not stable and therefore must be 
prepared in situ using transmetallation protocols3,4. As already mentioned, chiral sec-
allylic alcohols are extremely versatile compounds and can be readily converted into 
other substances by, for example, subjection to the conditions of one of the reactions 
mentioned above. The reduction of allylic alcohols of high enantiopurity will be 
further elaborated on, as this leads to the corresponding saturated sec-alcohols, which 
are sometimes difficult to prepare in high enantiopurity. 
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R R'
OH
*
oxidation
cyclopropanation
allylic substitution
aziridination
reduction
epoxidation
dihydroxylation
bromination
 
Figure 1 Reactions of allylic alcohols 
 
 
3.2 Preparation of saturated sec-alcohols with high enantiopurity: 
Overview of the relevant literature 
 
Hydrogenation of the double bond in allylic alcohols affords the corresponding 
saturated sec-alcohol. Performing this process on allylic alcohols of high 
enantiopurity should therefore lead to the analogous saturated alcohol with the same 
high enantiopurity. 
This topic was investigated because arriving at highly enantiopure secondary alcohols 
by the more conventional methods, such as the asymmetric reduction of ketones and 
the asymmetric addition of organometallic reagents to aldehydes, has proven difficult 
at times especially when aliphatic substrates are involved. In order to make a 
comparison of these two methods with the reduction of allylic alcohols, a brief 
overview of the relevant literature concerning these two areas will be given. 
 
3.2.1 The asymmetric reduction of ketones 
 
Numerous chiral reagents have been designed for the asymmetric reduction of ketones 
in order to obtain optically active saturated secondary alcohols. Generally, there are 
three main success stories in this area of research, namely the development of 
Noyori´s BINAP6 ligand 1, the diisopinocampheylchloroborane (DIP-chloride®)7 2 
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developed by Brown and co-workers and the oxaborolidine catalysts of which Corey´s 
proline-derived catalyst8 3 is perhaps the most well known (Figure 2). 
 
PPh2
PPh2
N B
O
Ph Ph
CH3
2BCl
N B
O
Ph Ph
CH3
N B
O
Ph Ph
CH3
N B
O
Ph Ph
CH3
1 2 3
4 65  
Figure 2 Catalysts used in the asymmetric synthesis of ketones 
 
Ruthenium complexes containing BINAP ligands have been shown to reduce a 
number of ketones with good enantioselectivity. Using this system alone however, 
does not lead to the reduction of simple ketones. It has been reported that the addition 
of chiral diamines 7 or 8 to the Ru-BINAP system increases the activity of this 
reducing agent towards simple ketones (Scheme 1)9. Reduction of a number of 
acetophenone derivatives gave the corresponding sec-alcohol products with 
enantioselectivities ranging from 87 % to 97 % (Scheme 1)9. 
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R = Me:  87 % e.e.
       Bu:  90 % e.e.
       i-Pr: 95 % e.e.  
Ru-BiNAP, 
H2, 7 or 8
 
Scheme 1 Asymmetric reduction of acetophenone derivatives with Ru-BINAP  
 
Organoboranes have also been used as chiral reducing agents. The first efficient 
organoborane chiral reducing agent was developed by Midland who used Alpine-
borane® 9 (Figure 3)10. This reagent is very efficient in reducing highly reactive 
carbonyl groups, such as α-deuteroaldehydes, α,β-acetylenic ketones, α-keto esters 
and α-halo ketones10,11. However, chiral reduction of slower reacting ketones, such as 
aralkyl and dialkyl ketones, was not successful12. 
 
B
9  
Figure 3 Alpine-borane®developed by Midland for the asymmetric reduction of ketones 
 
Brown and co-workers developed diisopinocampheylchloroborane (DIP-chloride®) 2 
(Figure 2) and found this to be a very efficient reagent for the asymmetric reduction of 
many aralkyl ketones13. In the reduction of 3-methyl-2-butanone and 2-butanone 
however, only 32 % e.e. and 4 % e.e., respectively, was obtained7.  
A serious drawback of this system is the requirement of a stoichiometric amount of 
the chiral reducing agent for the asymmetric reduction of the substrate. For the 
synthesis of relatively small amounts of enantiopure compounds this is acceptable; for 
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industrial purposes however this is not a suitable method due to high costs and the 
environmental problems associated with using large quantities of reagent. Much effort 
therefore has been devoted to the development of catalytic chiral reagents, such as the 
oxaborolidines described below. 
 
The chiral oxaborolidine catalyst complex consists of a borohydride with various 
chiral ligands, the best known is probably the proline-derived catalyst 3 developed by 
Corey et al.8 given in Figure 2. A catalytic amount of this reagent with borane as the 
reductant has been shown to reduce ketones, such as acetophenone and pinocolone, in 
up to 97 % e.e. The three14, four15 and six16 membered ring analogues of 3 have also 
been applied in this reaction (structures 4, 5 and 6, Figure 2). While in the reaction 
with acetophenone, the six-membered ring containing reagent is less efficient, 
yielding only 87 % e.e.16, the three and four membered ring equivalents produce 
comparable results to the proline-derived catalyst achieving 94 %14 and 98 % e.e.15b, 
respectively. 
 
As a general rule, with all of the reduction techniques described above, high 
enantioselectivities are obtained when aralkyl ketones are used as substrates. When 
the reduction systems are applied to aliphatic ketones however, enantioselectivities 
decrease dramatically. This is perhaps due to difficulties encountered in the 
discrimination between the two aliphatic substituents due to a decreased steric 
interaction between the reagent and the substituents.  
 
3.2.2 The asymmetric addition of organometallic reagents to aldehydes 
 
The asymmetric addition of organometallic reagents to aldehydes in the presence of a 
suitable chiral catalyst or ligand has received immense attention from chemists. As 
already described in Chapter 2, Mukaiyama´s pioneering work on the use of diamino 
ligands in the organolithium and dialkylmagnesium additions to aldehydes17 
instigated the continuing research in this area of chemistry. 
Since Mukaiyama´s work many other ligands have been reported and applied in 
organometallic addition reactions in an attempt to prepare enantiopure compounds. 
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Alkyllithium, Grignard and alkyltitanium reagents are amongst the organometallics, 
which have been employed in the addition to aldehydes in the presence of a chiral 
ligand, to afford optically active secondary alcohols18. In order to achieve an 
enantioselective reaction however, it is necessary to employ a stoichiometric amount 
of the chiral ligand. This requirement may be attributed to the fact that these 
organometallic reagents react with aldehydes in the absence of a ligand or catalyst to 
afford racemic secondary alcohols. In order to obtain a good level of enantiopurity of 
the product alcohol, one mole of ligand is required for every mole of organometallic 
reagent. This is considered a serious drawback in using these types of 
organometallics. 
 
The very low reactivity of organozinc reagents towards aldehydes in the absence of a 
suitable ligand makes this reaction ideal to be carried out in a catalytic fashion. 
However, very few dialkylzinc reagents are commercially available and in many cases 
it is first necessary to prepare the zinc reagent. The low reactivity of alkylzinc 
reagents can also be problematic. Diethylzinc is one of the most reactive of the 
dialkylzincs and perhaps this is the reason, along with it being commercially 
available, for its extensive use in the addition to aldehydes. 
There are, in general, two methods which have been applied for the preparation of 
alkylzinc reagents namely, oxidative addition, whereby zinc metal is reacted with an 
alkyl halide (Scheme 2), and transmetallation methods involving an exchange 
between zinc and another metal atom3,4. Oxidative addition, which first requires 
activation of the zinc metal, is only successful for low boiling alkylzinc reagents. 
Higher analogues need higher temperatures for their generation and this leads to 
substantial decompostion of the organometallic reagent. Milder conditions can be 
applied, however, the alkyl halide is then less readily converted into the alkylzinc 
reagent. 
 
2 RX + Zn 2 RZnX
- ZnX2 R2Zn  
Scheme 2 Generation of alkylzinc reagents by halide-zinc exchange 
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Transmetallation protocols involving Grignard reagents and boranes have also been 
utilized in the preparation of alkylzinc compounds1,3,4. The principle of the 
transmetallation is given in Scheme 3. The use of Grignard reagents in a 
transmetallation with zinc halides has mainly been used for the preparation of 
alkylzinc halides. This method however has its limitations. If the alkylzinc is to be 
used in situ, the presence of the magnesium halide in the solution may be problematic 
and have an influence on the subsequent reaction. 
 
RM + ZnX2  RZnX R2Zn
-MX
MX
RM 
+  
Scheme 3 Generation of alkylzincs by a transmetallation reaction 
  
A perhaps more successful transmetallation approach is that which involves a boron-
zinc exchange and uses olefins as starting materials19. After hydroboration of the 
olefin with diethylborane, the resulting organoborane is treated with diethylzinc or 
dimethylzinc and the transmetallation takes place19 (Scheme 4).  
 
R2
i. Et2BH
ii Et2Zn
R2Zn
 
Scheme 4 Preparation of dialkylzinc reagents by means of a boron-zinc exchange 
 
The boron-zinc exchange proceeds under significantly milder conditions than the 
iodine-zinc exchange reaction and the resulting dialkylzinc compounds have been 
used with a considerable degree of success in the asymmetric addition to aldehydes. 
Knochel and co-workers applied this method for the preparation of the benzylic 
alcohols 11 and 12 employing diamino compound 10 as the chiral ligand19a,c (Scheme 
5). 
Although this approach is successfully applied to sterically unhindered olefins, it is 
not suitable when a bulky olefin is used in the generation of the dialkylzinc 
compound. The method is also somewhat tedious in that the excess of diethylzinc 
must first be removed before the desired addition of the dialkylzinc to the aldehyde 
takes place. This is because, unlike alkenylzinc reagents, the dialkylzinc is not as 
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reactive as diethylzinc and therefore to avoid addition of an ethyl group, all 
diethylzinc must first be removed. 
NH
NH
Tf
Tf
Oct Dec2Zn
Dec
OH
Ph *
Hex Oct2Zn
Oct
OH
Ph *
10
11
PhCHO
2 Ti (O iPr)4i. Et2BH
ii. 2 Me2Zn (3 eq.) 8 mol % 10
toluene, -20°C
82 %, 83 % ee
PhCHO
2 Ti (O iPr)4i. Et2BH
ii. 2 Me2Zn (3 eq.) 8 mol % 10
toluene, -20°C
12
63 %, 90 % ee  
Scheme 5 Application of the boron-zinc exchange reaction in the preparation of benzylic alcohols 
 
 
3.3 Preparation of alkenylzinc reagents and their application in the 
addition to aldehydes: Overview of the relevant literature 
 
Several methods have been applied for the in situ generation of alkenylzinc reagents: 
i. reaction of zinc chloride with vinyl Grignard reagents20, 
ii. reaction of zinc bromide with alkenyllithium reagents21, 
iii. hydrozirconation of terminal alkynes with Cp2ZrHCl (Schwartz reagent22), 
followed by transmetallation with diethylzinc or dimethylzinc23, 
iv. hydroboration of alkynes followed by transmetallation with diethylzinc or 
dimethylzinc24. 
In each case, the subsequent reaction with an aldehyde in the presence of a suitable 
chiral catalyst has led to the formation of chiral sec-allylic alcohols. 
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3.3.1 Reaction of zinc chloride with a vinyl Grignard reagent 
 
In 1988, Oppolzer and Radinov reported the addition of divinylzinc 13 to 
benzaldehyde in the presence of camphor-derived 14 as chiral catalyst which leads to 
the formation of 1-phenyl-prop-2-en-1-ol 15 in 96 % yield and 87 % e.e.20a (Scheme 
6). The divinylzinc was prepared in situ by the reaction between zinc chloride and 
vinylmagnesium chloride.  
 
H
O
Zn
OHOH N NMe2
Me
+
13 15
14
Yield:96 %
e.e: 87 %
*
 
Scheme 6 Addition of divinylzinc to benzaldehyde in the presence of camphor-derived ligand 14 
 
Seebach and co-workers performed the same reaction in 1992 using the titanium 
TADDOLate 16 (Figure 4) as the chiral catalyst20b. However, the product allylic 
alcohol 15 was formed in the much lower yield of 36 % and with 84 % e.e. 
 
O
O
O
O
H
H
PhPh
PhPh
O
O
O
O
H
H
Ph Ph
Ph Ph
Ti
16  
Figure 4 Seebachs titanium TADDOLate ligand used in the addition of divinylzinc to benzaldehyde 
 
3.3.2 Preparation of alkenylzinc bromides 
 
Shortly after their work on the addition of divinylzinc to aldehydes, Oppolzer and 
Radinov prepared various alkenylzinc bromides to be used in the addition reaction21a 
(Scheme 7). The alkenylzinc bromide 18 was prepared in situ from the alkenyllithium 
reagent by a transmetallation reaction with zinc bromide21a.  
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Scheme 7 Addition of alkenylzinc bromides to aldehydes in the presence of ligand 17 
 
The addition reaction was performed in the presence of a stoichiometric amount of 
chiral ligand for which a number of chiral amino alcohols were considered. Amongst 
these ligands was the camphor-derived ligand 14, which was successfully employed 
in the divinylzinc addition mentioned earlier20a. Ligand 14, however, was found to 
exert only a moderate chiral induction ranging from 20 % to 70 % in the addition of 
the alkenylzinc reagent to a variety of aldehydes21a. 
Addition of 1-propenylzinc bromide to benzaldehyde in the presence of one mole 
equivalent of lithiated (1S, 2R)-N-methylephedrine 17 (R = Me) however, resulted in 
the formation of (S)-(1-propenyl)benzenemethanol with 90 % e.e. This ligand was 
found to be the best of all those tested21a. 
 
More recently Soai and co-workers disclosed the preparation of diisopropenylzinc and 
its application in the isopropenylation of aldehydes21b (Scheme 8). 
 
Br ZnBr2 Zn
 2
R
OH
*+2
4.2 eq. Li 
ultrasonic, 
Et2O, 0°C 
35 %
RCHO
chiral cat.
toluene, 0°C
20 21 22  
Scheme 8 The isopropenylation of aldehydes performed by Soai and co-workers 
 
Diisopropenylzinc 21 was prepared by the reaction between zinc bromide, 
isopropenyl bromide 20 and lithium under ultrasonic conditions. A number of chiral 
ligands was examined including the two best ligands, which are given in Figure 5. 
In the presence of 5 mol % of (S)-DPMPM 23, the isopropenylation of benzaldehyde 
resulted in the formation of the (S)-allylic alcohol (R=Ph, Scheme 8) in 91 % yield 
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and 89 % e.e. Increasing the amount of ligand 23 to 15 mol % resulted in an increased 
e.e. of 90 %.  Of the N,N-dialkylnorephedrine ligands that were tested, N,N-
diisobutylnorephedrine (DIBNE 24, Figure 5) was found to be the most efficient. In 
the addition of diisopropenylzinc to benzaldehyde, the product allylic alcohol was 
formed in 73 % yield and 88 % e.e. (20 mol % of 24 was used). For the range of 
aromatic aldehydes substrates that were employed in the isopropenylation reaction, 
e.e.´s of between 73 and 92 % were achieved for ligands 23 and 24. 
 
N
Me
OH
Ph
Ph
OH
MePh
N(iBu)2
2423
(S)- DPMPM (1S, 2R)- DIBNE
 
Figure 5 Amino alcohols ligands used by Soai et al. in the isopropenylation of various aldehydes 
 
3.3.3 Hydrozirconation followed by zinc-zirconium exchange 
 
In 1998, Wipf and Ribe performed the hydrozirconation of terminal alkynes with 
Schwartz reagent22 (Cp2ZrHCl) to provide alkenylzirconocenes 25, which 
subsequently undergo transmetallation with Me2Zn to generate the alkenylzinc 
intermediate 2623c. This reacts with the aldehyde to afford the allylic alcohol 27 
(Scheme 9). 
 
R R
ZrCp2Cl R
ZnMe
R´ R
OH
*
Cp2ZrHCl
CH2Cl2, 22°C
Me2Zn
toluene, -65°C
chiral cat., -30°C
R´CHO
25 26
27  
Scheme 9 Hydrozirconation of alkynes in the formation of alkenylzinc reagents and subsequent 
addition to aldehydes 
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High enantioselectivities were achieved in the addition of the alkenyl(alkyl)zinc 
reagents to aromatic aldehydes. E.e.´s up to 99 % were obtained when the reaction 
was carried out in the presence of 10 mol % of the amino thiol ligand 28 (Figure 6). 
Aliphatic aldehydes however, proved to be poorer substrates in terms of 
enantioselectivity, cyclohexylcarboxaldehyde and hydrocinnamaldehyde affording 
only 74 % and 64 % e.e., respectively23c. In the presence of the more usual ligands 29-
31, which are also given in Figure 6, considerably lower enantioselectivities were 
achieved even with aromatic aldehydes. 
 
SH
NMe2
N
H
OH
Ph
Ph
OH
Me2
OH
MePh
N(iBu)2
28 29 30 31
99 % e.e.
with PhCHO
81 % e.e.
with PhCHO
3 % e.e.
with PhCHO
1 % e.e.
with PhCHO  
Figure 6 Ligands used by Wipf and Ribe in the addition of alkenylzinc reagents, prepared via 
hydrozirconation, to aldehydes  
 
Wipf and Ribe attributed the lower enantioselectivities obtained by ligands 29-31 to 
complications caused by the presence of both zirconium and zinc species in the 
reaction mixture, although further elucidation of the role of the zirconocene by-
products in the catalytic cycle was not given23c. 
(+)-DAIB 30 has been successfully applied in other organozinc additions to 
aldehydes24a,25. High enantioselectivities were achieved in the addition of diethylzinc 
to aldehydes (see Chapter 2) when ligand 30 was used as chiral catalyst25. This 
particular ligand was also successful in the addition of alkenylzinc reagents to 
aldehydes, where the alkenylzinc species were prepared via the similar in situ boron-
zinc transmetallation24a. 
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3.3.4 Hydroboration followed by boron-zinc exchange 
 
The hydroboration of 1-alkynes with freshly prepared dicyclohexylborane affords (E)-
1-alkenylboranes. These substances undergo transmetallation with either dimethylzinc 
or diethylzinc to produce alkenylzinc reagents of the type 33 (Scheme 11). 
Dicyclohexlborane is preferentially used in the monohydroboration reaction26. Being 
a highly hindered dialkylborane, dicyclohexylborane possesses better regioselectivity 
than borane itself and is able to direct the addition of the boron atom to the terminal 
carbon atom of the triple bond26b. Preparation of dicyclohexylborane utilizes the 
readily available and relatively stable reagent borane-methylsulfide (BMS) (Scheme 
10). BMS has been found to have many advantages over other borane reagents 
previously used for the preparation of dialkylboranes, such as borane-tetrahydrofuran 
(BH3.THF) and sodium borohydride-borontrifluoride in diglyme (BH3.DG)26b,27. 
These advantages include: i. the THF in BH3.THF is gradually decomposed, which is 
becoming more significant during long storage, even at 0°C. BMS is appreciably 
more stable at this temperature and, ii. reactions with BH3.THF and BH3.DG limit the 
choice of solvents to THF and DG, respectively. Both of these solvents are relatively 
expensive and require both careful purification and storage in the absence of oxygen. 
They are readily miscible with both polar and non-polar solvents and consequently 
may cause difficulties in the removal from the desired products. 
  
BH3.S(CH3)2 S(CH3)2
BH 2
+ +2
 
Scheme 10 Preparation of dicyclohexylborane 
 
The first literature report of a boron-zinc exchange was the reaction of dimethylzinc 
with triethylborane to produce diethylzinc28. The reaction has also been used for the 
preparation of benzylic and allylic diorganozincs29. In 1992, Oppolzer and Radinov 
developed a method to prepare alkenyl(alkyl)zinc reagents 33 for the subsequent 
addition to aldehydes24a (Scheme 11). Oppolzer´s and Radinov´s method involves the 
transmetallation of (E)-1-alkenylboranes 32 (obtained by the hydroboration of 1-
alkynes with dicyclohexylborane) with either diethylzinc or dimethylzinc. 
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Scheme 11 Preparation of allylic alcohols by the addition of alkenylzinc reagents formed from a 
hydroboration and transmetallytion reaction 
 
Oppolzer and Radinov´s ligand controlled addition of the alkenyl(alkyl)zinc 33 
reagent to a variety of aldehydes resulted in the formation of optically active 
secondary allylic alcohols 34. No saturated products 35 could be detected, consistent 
with an exclusive 1-alkenyl transfer of 33 to the aldehydes24a. The use of either 
diethylzinc or dimethylzinc in the transmetallation step did not result in any 
significant differences in the outcome of the reaction. Wipf and Ribe also investigated 
this in the hydrozirconation reaction described in section 3.3.3, and similarly found no 
difference in using either of the two zinc reagents23c. 
Several amino alcohol ligands were tested and DAIB 30 (Figure 6) was found to 
produce the best results with benzaldehyde, achieving enantioselectivities of up to 98 
%23c. Generally, lower enantioselectivities were obtained with aliphatic aldehydes. 
(S)-DPMPM 23 (Figure 5) produced enantioselectivities of up to 80 %. Ligands 14 
and 17 (see Scheme 6 and Scheme 7, respectively), which were previously used by 
Oppolzer in the addition of alkenylzinc bromides and divinylzinc to aldehydes20a,21a, 
did not exhibit the same ability to exert chiral induction to the same extent in this 
reaction and enantioselectivities of between 63 and 73 % were obtained23c.  
 
As already mentioned in Chapter 2, Soai´s pyrrolidinylmethanol ligand 23 was the 
first heterocyclic amino alcohol ligand specifically designed for the addition of 
diethylzinc to aldehydes30. Since then, 23 has been applied in many other organozinc 
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addition reactions such as that mentioned above. Soai himself employed 23 as the 
chiral catalyst in the addition of hex-1-enyl(ethyl)zinc 37 to (E)-cinnamaldehyde 36 
(Scheme 12)24b. 
 
 
HPh
O
EtZn
C4H9
C4H9
OH
Ph *
+
10 mol % 23
36 3837  
Scheme 12  Addition of hex-1-enyl(ethyl)zinc to (E)-cinnamaldehyde 
 
The product diallyl alcohol, 1-phenylnona-1,4-dien-3-ol 38, was obtained in 89 % 
yield and with 77 % e.e. In the same paper, Soai describes the addition of pentadec-1-
enyl(ethyl)zinc to Garners aldehyde in the preparation of sphingosine, where 23 was 
used as the chiral catalyst. This particular reaction is discussed in detail in Chapter 4. 
 
The most recent developments reported in literature come from Dahmen and Bräse in 
200124c. These authors use the same protocol originally developed by Oppolzer and 
Radinov whereby the alkenylzinc reagent is prepared by the hydroboration of 1-
alkynes with dicyclohexylborane followed by treatment with diethylzinc24a. In the 
addition of the alkenylzinc reagent to aldehydes, [2,2]-paracyclophane-based N,O- 
ligands including 39 were applied as chiral catalysts24c. 
 
OH
N
39  
Figure 7 Dahmen and Bräse´s [2,2]-paracyclophane-based ketimine ligand 
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The ligand shown in Figure 7 exhibited the best results for a number of similar ligands 
that were investigated and e.e.´s ranging from 54 % and 98 % were achieved. 
Surprisingly, the best results were obtained with two aliphatic aldehydes, viz. 
cyclohexylcarboxaldehyde and 2,2-dimethyl-propionaldehyde. A number of alkynes 
were also applied in the reaction ranging from a straight-chain terminal alkyne, a 
branched terminal alkyne to the symmetrical internal alkyne 3-hexyne. 
Contrary to what was found by Oppolzer24a and Wipf23c, Dahmen and Bräse 
discovered that in the majority of cases where dimethylzinc was employed instead of 
diethylzinc the enantioselectivity severely diminished. The use of dimethylzinc was 
only beneficial when more sterically demanding alkynes were applied in the reaction. 
 
 
3.4 Results and discussion 
 
As with dialkylzinc reagents, the addition of alkenylzinc compounds to aliphatic 
aldehydes has generally been found to give much lower enantioselectivities than for 
aromatic aldehydes. The consistently high enantioselectivities that have been achieved 
with N-trityl-aziridinyl(diphenyl)methanol 40 (Figure 8) in the addition of dialkylzinc 
reagents to both aromatic and aliphatic aldehydes (Chapter 2), prompted an 
investigation into the addition of alkenylzinc reagents to a variety of aldehyde 
substrates including aliphatic aldehydes. Up to now, the type of alkynes that have 
been applied in the formation of the alkenylzinc reagent have focussed on straight 
chain terminal alkynes with only little attention towards the addition of more 
sterically demanding alkynes. Research concerning the formation of alkenylzinc 
reagents possessing functional groups and the addition of these reagents to aldehydes 
is also lacking. This chapter also looks at the performance of aziridinyl carbinol 
ligand 40 in the addition of several more elaborate alkenylzinc reagents, derived from 
both sterically demanding and functionalised alkynes. The study also aims at getting 
an insight into the mechanism of the reaction regarding the alkenylzinc addition.   
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OH
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Figure 8 N-Trityl-aziridinyl(diphenyl)methanol 
 
3.4.1 Preparation of allylic alcohols 
 
The protocol used relies on the method that was initially developed by Oppolzer and 
Radinov24a and later used by Dahmen and Bräse24c, whereby an alkyne is subjected to 
hydroboration by dicyclohexylborane to form the (E)-1-alkenylborane. Treatment 
with either dimethylzinc or diethylzinc endorses the boron-zinc exchange reaction and 
leads to the formation of the alkenyl(alkyl)zinc reagent along with volatile boranes 
which are easily removed.  
The chiral inducing capability of aziridinyl ligand 40 was tested in the reaction 
between a variety of aldehydes, both aromatic and aliphatic, with the in situ prepared 
1-octenyl(ethyl)zinc 41 at room temperature. The results of the investigation are 
collected in Table 1. 
 
R H
O
EtZn
C6H13
R C6H13
OH
*
+
10 mol % 40
toluene, 48 h, r.t.
41 42  
 
Entry R Confign. of 40 Yield (%) e.e (%)a Confign.b
1 Ph S 99 99 S 
2 Ph R 99 95 R 
3 c-hexyl S 90 95 R 
4 c-hexyl R 96 95 S 
5 i-butyl S 87 96 R 
6 i-butyl R 90 91 S 
7 n-hexyl S 99 83 R 
8 n-hexyl R 99 80 S 
      
a Determined by chiral HPLC (OD-H)    
b Determined by optical rotation    
 
Table 1 Enantioselective addition of 1-octenylzinc to various aldeydes catalysed by ligand 40 
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Since all addition products from the reaction between diethylzinc and various 
aromatic aldehydes in the presence of 40 were formed in equally high yields and with 
equally high enantioselectivities, benzaldehyde was chosen to represent this type of 
aldehyde. The addition of 1-octenyl(ethyl)zinc to benzaldehyde in the presence of 10 
mol % of (S)-40 gives the product in quantitative yield and almost 100 % selectivity 
(entry 1). The opposite enantiomer of the product allylic alcohol can be obtained by 
employing the (R)-enantiomer of ligand 40 (entry 2). 
A range of aliphatic aldehydes was selected in the investigation including those of a 
cyclic (entries 3 and 4), branched (entries 5 and 6) and a straight-chain (entries 7 and 
8) nature. The resulting sec-allylic alcohols formed are obtained in good yields (87-99 
%) and with high enantioselectivities. Cyclohexylcarboxaldehyde and 
isovaleraldehyde (entries 3- 6) prove to be just as suitable substrates in the reaction as 
aromatic aldehydes. Addition of 41 to the straight-chain aldehyde, heptaldehyde, 
gives rise to 42 with 83 % e.e. (entries 7 and 8). Although this is a little lower than 
what is obtained for the other aldehydes, it may still be regarded as being good 
considering that straight-chain aliphatic aldehydes belong to the most problematic 
substrates for nearly all ligand systems and comparing the results with those in other 
literature reports. 
The saturated sec-alcohol, formed as a result of ethyl addition to the aldehyde, was 
not observed, which is consistent with the findings in the literature. 
A number of other alkynes, including bulky and functionalised alkynes 43-46 (Figure 
9), were also examined in the addition to benzaldehyde in the presence of 10 mol % of 
(S)-40 as chiral ligand. The results of this investigation are collected in Table 2. 
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Zn
R1
R2
H
O
R3
R1
OH
R2
+
10 mol % (S)-40
toluene, 48 h, r.t.
*
 
 
Entry Alkyne R1 R2 R3 Yield (%) e.e. (%)a confign.b
1 1-pentyne C3H7 H Et 89 96 S 
2 1-hexyne C4H9 H Et 99 94 S 
3 1-heptyne C5H11 H Et 99 96 S 
4 1-octyne C6H13 H Et 99 97 S 
5 1-octyne C6H13 H Me 80 95 S 
6 3-hexyne C2H5 C2H5 Me 99 99 S 
7 3-hexynec C2H5 C2H5 Me 99 99 R 
8 t-butylethyne C(CH3)3 H Me 99 96 S 
9 t-butylethynec C(CH3)3 H Me 99 96 R 
10 2-methyl-3-butyn-2-ol C(CH3)2OH H Me 32 96 - 
11 2-hex-5-ynyloxy-THP (CH2)4OTHP H Et - - - 
12 2-hex-5-ynyloxy-THP (CH2)4OTHP H Me 99 n.d. n.d. 
        
a Determined by chiral HPLC (OD-H)       
b Determined by optical rotation, c (R)-40 was used as chiral ligand 
n.d.= not determined      
Table 2 Enantioselective addition of various 1-alkenylzinc reagents to benzaldehyde catalysed by 
ligand 40 
 
 
Entries 1-4 show that by application of a variety of 1-alkynes it is possible to form a 
series of sec-allylic alcohols of increasing chain length in high yields and with high 
enantioselectivities. The use of dimethylzinc in place of diethylzinc does not affect the 
reaction in terms of selectivity (compare entries 4 and 5). A lower yield of 80 % was 
obtained, although before attributing this to the dimethylzinc, further investigation 
should be carried out. This is consistent with the findings of Oppolzer et al.24a and 
Wipf et al.23c, although Dahmen and Bräse24c do report diminished enantioselectivity 
and yield for the use of dimethylzinc as transmetallating agent. 
Dahmen and Bräse, however, do report the beneficial effect of using dimethylzinc 
when it is applied in the reaction of bulky alkynes24c. For this reason, dimethylzinc 
was applied in the reaction of 3-hexyne 43 (entries 6 and 7), t-butyl ethyne 44 (entries 
8 and 9) and 2-methyl-3-butyn-2-ol 45 (entry 10) (Figure 9). 
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OH (CH2)4O
O
43 44 45 46  
Figure 9 A selection of alkynes applied in the preparation of alkenylzinc reagents 
 
Applying 3-hexyne 43 in the reaction, using dimethylzinc as the transmetallating 
agent, affords the product sec-allylic alcohol in quantitative yield and with 99 % e.e. 
Similarly, using t-butyl ethyne in the same reaction leads to quantitative yield and an 
e.e. of 96 %. Employing paracyclophane-based ligand 39, Dahmen and Bräse 
obtained 88 % e.e. in the reaction with 3-hexyne and benzaldehyde, and 89 % e.e. in 
the reaction with t-butyl ethyne and p-chlorobenzaldehyde24c. 
 
Reactions were also carried out using functionalised alkynes 45 and 46 in order to try 
and prepare functionalised sec-allylic alcohols. Application of 2-methyl-3-butyn-2-ol 
45 in the reaction with benzaldehyde, again using dimethylzinc as the transmetallating 
agent, indeed leads to the formation of the corresponding sec-allylic alcohol. A good 
e.e.  of  96 % was obtained, albeit in a disappointing yield of 32 %. 
 
In the reaction with the THP-protected alkyne, 2-hex-5-ynyloxy-tetrahydro-pyran 46, 
diethylzinc was first employed as transmetallating agent. In the resulting reaction 
mixture no trace of the corresponding sec-allylic alcohol could be detected (entry 11). 
Replacing the diethylzinc by dimethylzinc however, did afford the product sec-allylic 
alcohol in good yield. Attempts to remove the THP group from the primary alcohol 
position were made in order to eradicate the second chiral centre and therefore make 
the determination of the e.e. somewhat easier. Treatment of the THP protected allylic 
alcohol with p-toluenesulfonic acid monohydrate in methanol, however, did not result 
in the clean deprotection of the primary alcohol. Although NMR data do suggest that 
the THP group was successfully removed, there is also evidence that suggests a 
rearrangement of the enol moiety of the compound. This could be envisaged since the 
compound would be prone to forming a carbocation under the acidic conditions of the 
deprotection and thus, allowing a rearrangement of the double bond to occur. Since 
the reaction was performed in methanol with the trace of water present, it could be 
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perceived that either of these could react with the carbocation and give rise to the 
compounds given in Scheme 13. Indeed a mixture of products was obtained which 
could not be separated or fully identified, although NMR evidence does exist which 
supports this theory. No further attempts to remove the THP group were made. 
 
OTHP
OH
OH
+
OH
OH
OH
OMe
OH
+
OH
OH
OH
OMe
H+, H2O
MeOH
+ +
 
Scheme 13 Possible explanation for the failed deprotection 
 
The catalytic cycle of the reaction may be compared to that given for the addition of 
diethylzinc to aldehydes in Scheme 3 of Chapter 2. Small differences are apparent 
however, since rather than having the symmetrical dialkylzinc present, the zinc 
reagent in this system comprises an alkyl and an alkenyl moiety. The first step of the 
catalytic cycle, outlined in Chapter 2, is the formation of what is believed to be the 
catalytic species (viz. species 4 in Scheme 3 of Chapter 2), generated by complexation 
of the organozinc with the amino alcohol ligand. When diethylzinc is the complexing 
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species, it is quite obvious that ethane will be evolved in the process, as this is the 
only possibility. In the case of the alkenyl(alkyl)zinc employed in this study, however,  
there are two possibilities, either an alkane from the alkyl moiety or an alkene from 
the alkenyl moiety. Alkenylzinc compounds are more reactive than their alkyl 
counterparts4 and thus it may be suggested that when the catalytic species is formed, 
the alkenyl moiety will be preferentially displaced, thus generating an alkene (Scheme 
14). An alkene, however, was not detected in the final reaction mixture, which may be 
due to the very small quantities involved. Only one mole equivalent of alkene, in 
relation to the ligand would be formed. If this would indeed be the case, the alkene 
was more than likely lost during work up, probably during in vacuo evaporation of the 
solvent. 
Co-ordination of another equivalent of the alkenyl(alkyl)zinc to the catalytic species 
47, then results in the formation of complex 48 (Scheme 14). For the same reasons as 
described in Chapter 2, co-ordination of the aldehyde occurs at the zinc atom 
possessing only the ethyl group. At this point the nucleophilic addition takes place. It 
has already been established that the alkenyl moiety of the zinc atom Znb is more 
reactive than the alkyl group and this is greatly enhanced by co-ordination to the 
electronegative oxygen atom. Exclusive transfer, therefore, of the alkenyl group to the 
aldehyde may be expected and indeed experimental evidence supports this. There was 
no trace of the alkyl addition product at all in the resulting reaction mixture. 
 For this reason, the stereochemical outcome of the reaction is identical to that 
proposed for the diethylzinc addition reaction discussed in Chapter 2, section 2.7. The 
two systems are comparable because the only difference in the transition states is the 
transferring group. In this system, one of the ethyl groups of zinc atom Znb of species 
33 and 34 of Chapter 2, has been replaced by an alkenyl group, as in species 49 and 
50 (Scheme 14). In the proposed mechanism in section 2.7, Chapter 2, this group has 
no influence on the manner in which the aldehyde co-ordinates, and therefore on the 
stereochemical outcome of the reaction, as this is governed by the umbrella effect of 
the trityl group and the two phenyls of the diphenylcarbinol moiety of the ligand. The 
most favourable transition state therefore in this system is complex 49, the equivalent 
of that in the diethylzinc addition, viz. species 33, Chapter 2. 
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Scheme 14 Working model of the transition state of the alkenylzinc addition to aldehydes catalysed by 
aziridinyl alcohol (R)-40 
 
In predicting the configuration of the allylic alcohol formed using this mechanism, it 
is expected that when the (R)-enantiomer of ligand 40 is employed in the reaction 
with benzaldehyde then the (R)-allylic alcohol will be formed. Experimental evidence 
supports this and indeed when (R)-40 is employed in the reaction then the (R)-allylic 
alcohol is formed. Likewise (S)-40 leads to the (S)-allylic alcohol. For the addition to 
aliphatic aldehydes, the opposite is true. When the (R)-enantiomer of ligand 40 is 
employed the (S)-allylic alcohol is expected and in carrying out the reaction, this 
indeed is found to be the case (Table 1). 
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3.4.2 Reduction of allylic alcohols 
 
Several allylic alcohols, given in Scheme 15, which were prepared by the reactions 
involving benzaldehyde and 1-pentyne 51, 1-hexyne 52, 1-heptyne 53 and 1-octyne 
54 were subjected to hydrogenation using the P-2 catalyst (nickel acetate and sodium 
borohydride). The results of the investigation are collected in Table 3. 
 
OH
R
OH
R
H2, P-2 catalyst
ethanol, r.t.
55C3H7    51
C4H9    52
C5H11   53
C6H13   54
R =
 
Scheme 15 Reduction of allylic alcohols with the P-2 catalyst 
 
Entry Allylic alcohol 
e.e. of  
allylic alcohol (%)a
Yield (%) of 
55 
e.e. (%)b of 
 55 
1 51 96 97 91 
2 52 94 99 83 
3 53 96 99 87 
4 54 99 99  n.dc
a Determined by chiral HPLC (OD-H). bDetermined by chiral GC (Beta-DEX). 
cSeparation of the enantiomers could not be achieved 
n.d= not determined    
   
Table 3 Reduction of allylic alcohols to benzylic alcohols 55 
 
Hydrogenation of each allylic alcohol results in an almost quantitative yield of the 
corresponding saturated alcohol. However, as can be deduced from the e.e.’s, there is 
some discrepancy between the enantiopurity of the allylic alcohol and that of the 
hydrogenated product. For example, entry 2 reveals the e.e. of the starting allylic 
alcohol 52 as being 94 %. However, subjecting 52 to the conditions of hydrogenation 
results in the saturated alcohol with only 83 % e.e. The reasons for this are unclear as 
it might be expected that the saturated alcohol would in fact retain the enantiopurity of 
the starting allylic alcohol. Reductions of this nature have been reported in the 
literature in which there was no loss of enantiopurity during the reaction31. This 
should also be the case in the present situation. Deliberating these findings, leads to a 
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supposition of possible inaccuracies in the determination of the enantiopurity of the 
saturated alcohols. Chiral GC was used in this case to determine the enantiopurity as 
the hydrogenated products could not be satisfactorily separated by HPLC, in contrast 
to the allylic alcohols. At the time of injection, if the GC column had been made 
acidic by previous injections then this could have resulted in a change of retention 
times and broadening of the detected peaks, which are more difficult to integrate with 
accuracy. This indeed could explain the inconsistencies found between the 
enantiopurity of the allylic alcohol and the resulting saturated product after 
hydrogenation. Further investigation of this is necessary before concrete conclusions 
can be made. 
 
 
3.5 Concluding remarks 
 
The hydroboration of alkynes with freshly prepared dicyclohexylborane, followed by 
transmetallation with either diethylzinc or dimethylzinc results in the formation of 
alkenyl(alkyl)zinc reagents. This method is applicable to a range of alkynes, varying 
from straight-chain aliphatic terminal alkynes to the more sterically hindered 
branched terminal alkynes and even internal alkynes. Perhaps more interestingly, this 
method is also suitable for the preparation of functionalised alkenylzinc reagents. 
 
The in situ generated zinc reagents of this type can subsequently undergo the 
enantioselective addition to aldehydes, both aromatic and aliphatic, in the presence of 
a suitable ligand to afford chiral secondary allylic alcohols. N-Trityl-
aziridinyl(diphenyl)methanol 40 is very efficient when employed as the chiral ligand 
in this reaction, affording the resulting secondary allylic alcohols in high 
enantioselectivities of up to 99 %. Aliphatic aldehydes also underwent a highly 
enantioselective reaction in the presence of 40 as chiral ligand, which is more unusual 
as these belong to the more problematic group of aldehyde substrates.  
 
The more elaborate alkenylzinc reagents, such as those which are sterically hindered 
and functionalised, were added to benzaldehyde to afford the allylic alcohol products 
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with high enantiopurity and generally in good yields. Although the recent report of 
Dahmen and Bräse24c also boasts high enantiopurities with their paracyclophane-
based ligand 39 (see section 3.3.4), this ligand is significantly more complicated in its 
preparation when compared to the aziridinyl carbinol ligand 40 used in this study. It is 
also important to add that ligand 40 is readily available in both enantiomeric forms 
and thus preparation of both enantiomers of the allylic alcohol in equally high 
enantiopurities can be achieved. 
 
Reduction of the allylic alcohols results in the corresponding saturated alcohols in 
almost quantitative yield. During the hydrogenation process, the enantiopurity of the 
starting allylic alcohols should be maintained in the saturated product. There is no 
reasonable explanation to suggest why this should not be the case as hydrogenation of 
other allylic alcohols using the P-2 catalyst has been previously reported where the 
enantiopurity has been retained. A question mark, therefore, lies behind the slightly 
lower enantiopurities of the hydrogenated products in this case and perhaps has more 
to do with inaccuracies in the determination of the e.e. 
Since a large variety of allylic alcohols can be prepared with high enantiopurity using 
the described method, the corresponding saturated alcohols should also be available 
using the hydrogenation technique. This includes saturated secondary alcohols, which 
are difficult to prepare using the other methods discussed in this chapter. Although in 
this approach the extra step of reduction is involved, which may be regarded as a 
disadvantage, the allylic alcohol can be prepared with ease in high enantiopurity and 
therefore the extra step may be deemed as worthwhile. 
 
 
3.6 Experimental details 
 
General remarks 
Melting points were determined using a Reichert thermopan microscope and are 
uncorrected. Optical rotations were measured with a Perkin Elmer automatic 
polarimeter, model 241 MC, using concentrations c in g/100ml at 20 °C in the 
solvents indicated. 1H and 13C NMR spectra were recorded with a Bruker AC-300 
spectrometer. The chemical shift δ is given in ppm relative to the internal standard 
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TMS for 1H-NMR and CDCl3 for 13C-NMR. FTIR spectra were recorded on an ATI 
Mattson – Genesis Series FTIR spectrometer. The wavenumbers ν are given in cm-1. 
For high-resolution mass spectra a double focussing VG7070E mass spectrometer was 
used. GC-MS were measured using a Varian Saturn II GC-MS by on column injection 
(DB-1 column, length 30m, internal diameter 0.25 mm, film thickness 0.25 µm). 
Elemental analyses were performed using a Carlo Erba instrument CHNS-O EA 1108 
element analyser.  
 
Chemicals 
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride 
and stored over 4Å molsieves. THF was pre-distilled from calcium hydride, and prior 
to use distilled from sodium/benzophenone. Hexane, heptane, ethyl acetate and 
dichloromethane were distilled from calcium hydride and stored over 4Å molsieves. 
Toluene was distilled from sodium and stored over 4Å molsieves. All other reagents 
were analytical grade and used as such. All aldehydes were distilled or recrystallised 
prior to use. 
 
Enantioselective alkenylzinc additions 
 
General procedure 
Cyclohexene (0.46 ml, 4.56 mmol) was added to a solution of borane dimethyl sulfide 
complex (1.1 ml, 2.2 mmol, 2M in toluene) at 0 °C and the reaction mixture was 
stirred at this temperature for 3 h. The alkyne (2.28 mmol) was added and the mixture 
was stirred for 1 h at room temperature. The reaction mixture was cooled to –25 °C 
and a solution of diethylzinc (2.4 ml, 2.4 mmol, 1M in hexane) or dimethylzinc (1.2 
ml, 2.4 mmol, 2M in toluene) was slowly added and the resulting mixture was stirred 
for 5 min. A solution of ligand 37 (65 mg, 0.14 mmol) in toluene (10 ml) was added 
and the reaction mixture was stirred for a further 5 min. The temperature was raised to 
0 °C and the aldehyde (1.148 mmol) was added in one portion. The reaction mixture 
was stirred at room temperature and the progress of the reaction followed by TLC 
(heptane/ethyl acetate, 9:1). After 48 h the reaction mixture was quenched by the 
addition of aqueous satd. NH4Cl solution (10 ml) and allowed to stir for 30 min. The 
reaction mixture was extracted with ether (3x 10 ml) and the organic phase was dried 
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(MgSO4). Evaporation of the solvent in vacuo afforded the crude product as an oil. 
Purification by column chromatography (SiO2, heptane/ethyl acetate, 9:1) yielded the 
pure allylic alcohol. 
 
1-Phenyl-hex-2-en-1-ol 
According to the general procedure, 1-pentyne (0.23 ml, 2.28 mmol), benzaldehyde 
(0.12 ml, 1.148 mmol) and diethylzinc afforded 180 mg (90 %) of the title compound 
as a colourless oil. HPLC (Chiracel OD-H, n-hexane/i-PrOH, 98:2): 96 % e.e. (S). 
[α]20D = +35.4 (c=1, CHCl3). 
1H NMR (300 MHz) δ: 0.90 (3 H, t, -CH3), 1.37-1.58 (2 H, m, -CH2CH3), 2.00-2.07 
(2 H, m, -CH=CHCH2-), 5.17 (1 H, m, -CHOH), 5.62-5.81 (2 H, m, -CH=CH-), 7.34-
7.37 (5 H, m, arom.); 13C NMR δ:  13.54 (-CH3), 22.09 (-CH2CH3), 34.09 (-
CH=CHCH2-), 74.85 (-CHOH), 126.04-128.20 (CAR.), 132.09-132.40 (-CH=CH-), 
143.38 (CAR.); IR (neat) νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 
(alkyl). 
 
1-Phenyl-hept-2-en-1-ol 
According to the general procedure, 1-hexyne (0.26 ml, 2.28 mmol), benzaldehyde 
(0.12 ml, 1.148 mmol) and diethylzinc afforded 218 mg (99 %) of the title compound 
as a colourless oil. HPLC (Chiracel OD-H, n-hexane/i-PrOH, 98:2): 95 % e.e. (S). 
[α]20D = +25.6 (c=1, CHCl3). 
1H NMR (300 MHz) δ: 0.88 (3 H, t, -CH3), 1.19-1.56 (4 H, m, - CH2CH2-), 2.01-2.09 
(2 H, m, -CH=CHCH2-), 5.17 (1 H, m, -CHOH), 5.62-5.81 (2 H, m, -CH=CH-), 7.13-
7.30 (5 H, m, arom.); 13C NMR δ:  13.96 (-CH3), 22.29-31.91 (3x -CH2), 75.17 (-
CHOH), 126.20-128.44 (CAR.), 132.32-132.70 (-CH=CH-), 143.51 (CAR.). IR (neat) 
νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 (alkyl). 
 
1-Phenyl-oct-2-en-1-ol 
According to the general procedure, 1-heptyne (0.30 ml, 2.28 mmol), benzaldehyde 
(0.12 ml, 1.148 mmol) and diethylzinc afforded 178 mg (76 %) of the title compound 
as a colourless oil. HPLC (Chiracel OD-H, n-hexane/i-PrOH, 98:2): 96 % e.e. (S). 
[α]20D = +31.1 (c=1, CHCl3). 
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1H NMR (300 MHz) δ: 0.87 (3 H, t, -CH3), 1.20-1.56 (6 H, m, 3x CH2), 2.01-2.08 (2 
H, m, -CH=CHCH2-), 5.16 (1 H, m, -CHOH), 5.62-5.79 (2 H, m, -CH=CH-), 7.26-
7.32 (5 H, m, arom.); 13C NMR δ:  13.87 (-CH3), 22.03-31.99 (4x -CH2), 74.81 (-
CHOH), 126.03-128.15 (CAR.), 132.18-132.28 (-CH=CH-), 143.38 (CAR.). IR (neat) 
νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 (alkyl). 
 
1-Phenyl-non-2-en-1-ol 
According to the general procedure, 1-octyne (0.34 ml, 2.28 mmol), benzaldehyde 
(0.12 ml, 1.148 mmol) and diethylzinc afforded 250 mg (100 %) of the title 
compound as a colourless oil. HPLC (Chiracel OD-H, n-hexane/i-PrOH, 98:2): 99 % 
e.e. (S). [α]20D = +28.2 (c=1, CHCl3). 
1H NMR (300 MHz) δ: 0.88 (3 H, t, -CH3), 1.26-1.39 (8 H, m, 4x CH2), 2.02-2.07 (2 
H, m, -CH=CHCH2-), 5.15 (1 H, m, -CHOH), 5.67-5.76 (2 H, m, -CH=CH-), 7.25-
7.37 (5 H, m, arom.); 13C NMR δ:  13.87 (-CH3), 22.03-31.99 (5x -CH2), 74.81 (-
CHOH), 126.03-128.15 (CAR.), 132.18-132.28 (-CH=CH-), 143.38 (CAR.). IR (neat) 
νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 (alkyl). 
 
1-Cyclohexyl-non-2-en-1-ol 
According to the general procedure, 1-octyne (0.34 ml, 2.28 mmol), 
cyclohexylcarboxaldehyde (0.14 ml, 1.148 mmol) and diethylzinc afforded 232 mg 
(90 %) of the title compound as a colourless oil. [α]20D = -3.63 (c=1.6, CHCl3). 
1H NMR (300 MHz) δ: 0.83 (3 H, t, J 7.7, -CH3), 0.92-1.90 (19 H, m), 2.03 (2 H, q, J 
6.4, -CH=CHCH2-), 3.76 (1 H, t, J 6.8, -CHOH), 5.44 (1 H, m, -CH=CHCH2-), 5.60 
(1 H, m, -CH=CHCH2); 13C NMR δ:  14.07 (-CH3), 22.63-32.25 (-CH2-), 74.64 (-
CHOH), 131.31-132.85 (-CH=CH-), 143.38 (CAR.). IR (neat) νmax/cm-1: 3500-3200 
(OH), 2980 (alkyl). 
For the stereochemical analysis, the title compound was converted to the Mosher ester 
by the following procedure, and the e.e. determined by 19F NMR. 
A solution of the title compound (16.6 mg, 0.074 mmol), (+)-MPTA-Cl (19.0 mg, 
0.075 mmol) and pyridine (5 drops) in carbon tetrachloride (5 drops) was allowed to 
stand overnight. Water (1 ml) was added and the reaction mixture was extracted with 
ether (15 ml). The organic phase was washed with aqueous 1N HCl (3x 10 ml), 
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aqueous satd. sodium carbonate solution (2x 10 ml) and water (2x 10 ml) and dried 
over MgSO4. The solvent was removed in vacuo to yield the crude product, which 
was used directly for 19F NMR analysis: 95 % e.e (R). 
 
2-Methyl-dodec-5-en-4-ol 
According to the general procedure, 1-octyne (0.34 ml, 2.28 mmol), isovaleraldehyde 
(0.12 ml, 1.148 mmol) and diethylzinc afforded 223 mg (99 %) of the title compound 
as a colourless oil. [α]20D = +6.73 (c=1.6, CHCl3). 
1H NMR (100 MHz) δ: 0.82-0.95 (9 H, m, 3x -CH3), 1.14-1.57 (11 H, m, 5x -CH2, -
CH-), 1.93-2.05 (2 H, m, -CH=CHCH2-), 3.48 (1 H, m, -CHOH), 5.46-5.66 (2 H, m, -
CH=CH-); 13C NMR δ: 14.32 (-CH3), 22.16-22.17 (2x -CH3), 23.28-30.80 (5x -CH2), 
23.92 ((CH3)2CH-), 47.35 (-CH2-CH(OH)-), 72.30 (-CHOH), 131.36 (-CH=CH-), 
132.93 (-CH=CH-); IR (neat) νmax/cm-1: 3500-3200 (OH), 2980 (alkyl). 
For stereochemical analysis, the title compound was converted to the Mosher ester by 
the procedure described for 1-cyclohexyl-non-2-en-1-ol using the title compound 
(14.65 mg, 0.074 mmol). The e.e. was determined by 19F NMR: 96 % e.e (R) 
 
Pentadec-8-en-7-ol 
According to the general procedure, 1-octyne (0.34 ml, 2.28 mmol), heptaldehyde 
(0.16 ml, 1.148 mmol) and diethylzinc afforded 255 mg (99 %) of the title compound 
as a colourless oil. [α]20D = +2.32 (c=0.99, CHCl3). 
1H NMR (300 MHz) δ: 0.87 (6 H, m, 2x -CH3), 1.30 (20 H, m, 10x -CH2-), 2.01 (2 H, 
m, -CH=CHCH2-), 3.80 (1 H, m, -CHOH), 5.25 (1 H, m, -CH=CHCH2-), 5.56 (1 H, 
m, -CH=CHCH2); 13C NMR δ:  14.01 (-CH3), 14.31 (-CH3), 22.65-37.55 (-CH2-), 
73.60 (-CHOH), 131.10 (-CH=CH-), 136.24 (-CH=CH-); IR (neat) νmax/cm-1: 3500-
3200 (OH), 2980 (alkyl). 
For stereochemical analysis, the title compound was converted to the Mosher ester by 
the procedure described for 1-cyclohexyl-non-2-en-1-ol using the title compound 
(17.0 mg, 0.074 mmol). The e.e. was determined by 19F NMR: 83 % e.e (R) 
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2-Ethyl-1-phenyl-pent-2-en-1-ol 
According to the general procedure, 3-hexyne 40 (0.26 ml, 2.28 mmol), benzaldehyde 
(0.12 ml, 1.148 mmol) and dimethylzinc afforded 218 mg (100 %) of the title 
compound as a colourless oil. [α]20D = -2.54 (c=1.65, CHCl3). Chiral GC 
(BetaDEXTM 120 fused silica column): 99 % e.e (S) 
1H NMR (300 MHz) δ: 0.83 (3 H, t, J 7.7, -CH3), 1.02 (3 H, t, J 7.4, -CH3), 1.83-2.15  
(4 H, m, 2x -CH2CH3), 5.16 (1 H, s, -CHOH), 5.58 (1 H, m, -C=CHCH2-), 7.22-7.38 
(5 H, m, arom.); 13C NMR δ:  14.21 (-CH3), 14.36 (-CH3), 20.53 (-CH2), 20.74 (-
CH2), 78.00 (-CHOH), 126.35-128.43 (CAR.), 141.96 (-C=CH-), 142.51 (CAR.). IR 
(neat) νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 (alkyl). 
 
4,4-Dimethyl-1-phenyl-pent-2-en-1-ol 
According to the general procedure, t-butylethyne 41 (0.28 ml, 2.28 mmol), 
benzaldehyde (0.12 ml, 1.148 mmol) and dimethylzinc afforded 217 mg (100 %) of 
the title compound as a colourless oil. [α]20D = +40.16 (c=1.29, CHCl3). Chiral GC 
(BetaDEXTM 120 fused silica column): 96 % e.e (S). 
1H NMR (300 MHz) δ: 0.91 (9 H, s, 3x -CH3), 2.50 (1 H, s, -OH), 4.97 (1 H, d, J 6.6, 
-CHOH), 5.39-5.47 (1 H, dd, J 15.63, 6.93, -CH=CHCH2), 5.62-5.68 (1 H, m, -
CH=CHCH2-); 13C NMR δ: 29.33 (-CH3), 32.70 (-C(CH3)3), 75.00 (-CHOH), 126.07-
143.44 (CAR, -CH=CH-); IR (neat) νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 
(arom.), 2980 (alkyl). 
 
4-Methyl-1-phenyl-pent-2-ene-1,4-diol 
According to the general procedure, 2-methyl-but-3-yn-2-ol 42 (0.26 ml, 2.28 mmol), 
benzaldehyde (0.12 ml, 1.148 mmol) and dimethylzinc afforded 71 mg (32 %) of the 
title compound as a colour less oil. (BetaDEXTM 120 fused silica column): 96 % e.e. 
1H NMR (300 MHz) δ: 1.25 (6 H, s, 2x -CH3), 5.14 (1 H, d, J 5.7,  -CHOH), 5.58-
5.85 (4 H, m, -CH=CH-, 2x -OH), 7.18-7.29 (5 H, m, arom.); 13C NMR δ: 29.42 (-
CH3), 29.57 (-CH3), 70.58 (-C(CH3)2-), 74.43 (-CHOH), 126.22-142.91 (CAR, -
CH=CH-); IR (neat) νmax/cm-1: 3500-3200 (OH), 3100-3000, 1600 (arom.), 2980 
(alkyl). 
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1-Phenyl-7-(tetrahydro-pyran-2-yloxy)hept-2-en-1-ol 
According to the general procedure, 2-hex-5-ynyloxy-tetrahydro-pyran 43 (416 mg, 
2.28 mmol), benzaldehyde (0.12 ml, 1.148 mmol) and dimethylzinc afforded 333 mg 
(99 %) of the title compound as a colourless oil. 
1H NMR (300 MHz) δ: 0.81-1.76 (10 H, m, 5x -CH2-), 1.98-2.01 (2 H, m, -
CH=CHCH2-), 3.25-3.41 (2 H, m, -CH2-O-), 3.61-3.75 (2 H, m, -CH2-O-), 4.46 (1 H, 
m, O-CH-O), 5.00-5.02 (1 H, d, -CHOH), 5.58-5.63 (2 H, m, -CH=CH-), 7.14-7.29 (5 
H, m, arom.). 
 
Reduction of the allylic alcohols 
 
General procedure 
Catalyst preparation: For a single hydrogenation, powdered nickel acetate (1.24 g, 5 
mmol) and ethanol (50 ml) were mixed in a hydrogenation flask. A solution of sodium 
borohydride (5 ml, 1M in ethanol) was added and the flask was flushed with hydrogen 
and stirred. 
Hydrogenation procedure: The allylic alcohol (10 mmol) was dissolved in a minimal 
amount of ethanol and added to the prepared catalyst. The flask was connected to the 
hydrogenator and shaken for 8 h. The contents of the flask were filtered over celite 
and the celite washed with ethanol. The solvent was evaporated in vacuo to afford the 
crude saturated alcohol, which was purified by column chromatography (SiO2, 
heptane/ethyl acetate, 9:1). 
 
Determination of enantioselectivity 
The enantioselectivity of the product alcohols was determined in most cases by chiral 
GC analysis (BetaDEXTM 120 fused silica column by Supelco). The configuration of 
the products was established by comparison of their absolute optical rotation with 
literature values. 
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The Total Synthesis of Sphingosine 4 
 
4.1 Introduction 
 
Sphingolipids are ubiquitious membrane components of essentially all eukaryotic 
cells and are abundantly found in all plasma membranes as well as some intracellular 
organelles including endoplasmic reticulum, golgi complex and mitochondria1. The 
structural unit common to almost all sphingolipids is the amino alcohol D-erythro-
sphingosine, [(2S, 3R, 4E)-2-amino-3-hydroxy-octadec-4-en-1-ol] (Figure 1). 
 
OH
OH
NH2  
Figure 1 D-erythro-sphingosine 
 
 
Ceramides, cebroxides, sphingomyelins and gangliosides are included in this broad 
range of compounds (Figure 2)2. 
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Figure 2 Generic structure of a glycosphingolipid 
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Sphingosine was first isolated in 1884 by the German-born chemist J. L. W. 
Thudichem from the hydrolysate of a lipid fraction of brain tissue1. Initially, it was 
recognized as “dihydroxyamino octadecene” but was not fully given the correct 
orientations and stereochemistry of the key functional groups, and orientation and 
configuration of the double bond until 19533 (Figure 3). It is now known that 
sphingosines and their derivatives play diverse roles in many biological systems, 
regulating cellular recognition, growth and development. Their biological functions 
include: i. HIV binding to galactosyl ceramide receptor sites in cells lacking the CD4 
receptor4, ii. an unambiguous link between specific sphingolipids and malignant 
tumours, enabling them to be used as biological markers for the possible early 
detection of cancer5, and iii. the potent and reversible inhibition of protein kinase C 
(PKC)6 by breakdown products of glycosphingolipids including sphingosine itself. 
The latter is particularly important as PKC mediates cellular responses for tumour 
promoters, hormones and growth factors7. It has also been reported that in fact all the 
diastereoisomers of C18-sphingosine show a potent in vitro inhibitory activity against 
PKC8. 
 
OH
OH
NH2
Functionalities:
Trans double bond
C-13 aliphatic chain
2S, 3R  
 
D-configuration
 
Figure 3 The key structural features of D-erythro-sphingosine 
 
The continuing recognition of glycosphingolipids as fundamental mediators of 
cellular interactions has meant a sustained interest in this class of compounds and a 
significant amount of scientific attention. A number of different strategies have been 
applied for the synthesis of sphingosine, including the use of carbohydrates as the 
source of chirality9, introduction of chirality obtained through catalysis by means of 
Sharpless asymmetric epoxidation10, relayed asymmetric induction11 and employing 
 80
The total synthesis of Sphingosine 
the amino acid serine as the source of chirality12.  Since serine is one of the 
biosynthetic precursors of sphingosine, the choice to apply it in a synthetic sequence 
towards sphingosine in quite a logical one. This chapter deals with the synthesis of 
sphingosine where a serine-derived aldehyde has been applied as the key starting 
material, thereby providing the required stereochemistry of the functionalities at C-2 
and C-3. The stereochemistry at C-3 is controlled in one instance by invoking the 
chiral ligand N-trityl-aziridinyl(diphenyl)methanol, the use of which has already been 
described for various asymmetric addition reactions in the preceding chapters. 
 
 
4.2 Chirality derived from serine 
 
Since serine is one of the biosynthetic precursors of sphingosine, it is obvious that this 
amino acid plays a role in most of the reported approaches for the preparation of 
sphingosine. In particular, applications of serine-derived amino aldehydes or esters 
have been numerous, especially since 1988 after the report of the preparation of 
a configurationlly stable α-amino aldehyde by Garner (Figure 4)13. 
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Figure 4  Garner aldehyde 
 
The Garner aldehyde has found use in many of the approaches where an α-amino 
aldehyde would be required. Enantiopure α-amino aldehydes are potentially very 
important synthons in the synthesis of many natural products. However, they are, 
more often than not, found to be unstable both chemically and configurationally, 
which makes them less attractive in chiral synthesis. Many α-amino aldehydes show a 
tendency to racemise, which is detrimental for an asymmetric synthesis that makes 
use of the chirality present in such aldehydes. The Garner aldehyde is an exception 
and therefore has been encountered repeatedly in the syntheses of natural products. In 
 81
Chapter 4 
 
the syntheses described here, another exceptionally stable α-amino aldehyde has been 
applied. N-Trityl-aziridine-2-carboxaldehyde14 5 has previously been shown to have 
great synthetic potential and has been used successfully in reactions including the 
diastereoselective carbonyl-ene reaction15 and the Bayliss-Hillman reaction16. The 
aldehyde is readily prepared in either S- or R- form, from L- and D- serine, 
respectively, by a method that resembles the preparation of the chiral ligand N-trityl-
aziridinyl(diphenyl)methanol (Scheme 1). Since 5 is a synthetic equivalent of L-
serinal, it is of interest to exploit its potential in various synthetically useful reactions. 
In this chapter, it will be demonstrated that 5 is also a useful synthon in the 
preparation of sphingosine. 
  
OH NH3Cl
CO2CH3
OH NHTr
CO2CH3
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OMe
N
Tr
OH
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TrCl, Et3N CH3SO2Cl, Et3N
THF, reflux, 72h, 95%93%
LiAlH4
89%
Swern oxidation
91%
1 2 3
4 5  
 
Scheme 1 Preparation of N-trityl-(2S)-aziridine-2-carboxaldehyde 
 
The availability of aldehyde 5 and its previous success in other reactions instigated the 
investigation of its use in three possible routes to sphingosine. The first involves the 
addition of a lithium compound to the aldehyde, the second where a vinylalane is 
added and thirdly the addition of a vinylzinc reagent to the aldehyde in the presence of 
N-trityl-aziridinyl(diphenyl)methanol 6 as chiral catalyst (Figure 5). A retrosynthesis 
of sphingosine on the basis of 5 is given in Scheme 2.  
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Figure 5 N-Trityl-aziridinyl(diphenyl)methanol 
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Scheme 2 Retro synthesis of sphingosine 
 
 
4.3 Addition of pentadec-1-ynyl lithium to aldehyde 5 
 
Conceptually, the simplest strategy for the synthesis of sphingosine was first set down 
by Newman some 29 years ago12a, wherein a long chain carbon nucleophile is added 
to a protected serine-derived aldehyde affording sphingosine derivatives directly. 
However, this approach has generally been marred by either poor diastereoselectivity 
or low yields.  
 
In 1988, Garner and co-workers12e reported a stereocontrolled synthesis of D-erythro-
sphingosine in 5 steps from the serine-derived aldehyde which was developed in the 
same group, the so-called Garner aldehyde (Scheme 3). 
The addition of pentadec-1-ynyllithium to the aldehyde proceeds to give the 
propargylic alcohol with good erythro selectivity of 8:1. The triple bond is 
successfully reduced by application of Benkeser´s conditions17 using lithium in 
ethylamine at –78°C. 
 
 83
Chapter 4 
 
O NBoc
O
H LiC C(CH2)12CH3
O NBoc
OH
C13H27 O NBoc
OH
C13H27
THF, -23°C
Li/EtNH2
-78°C
 
Scheme 3 Addition of pentadec-1-ynyllithium to the Garner aldehyde 
 
With this in mind, it is interesting to investigate the reaction in which the Garner 
aldehyde is replaced by 5. 
 
Pentadec-1-ynyllithium was prepared as shown in Scheme 4. Swern oxidation of the 
alcohol 7 gave the corresponding aldehyde 8 in 88% yield. Exposure of the aldehyde 
to conditions of the Wittig reaction with the given reagents, afforded the 
dibromoalkene 9 in 92% yield. The alkynyllithium compound was prepared in situ by 
reaction of the dibromoalkene with butyllithium. Finally, addition of N-trityl-
aziridine-2-(S)-carboxaldehyde yielded the desired propargylic alcohol 11. 
Monitoring the last-mentioned reaction by TLC showed the disappearance of the 
starting aldehyde and the appearance of two spots within very close proximity of each 
other. The two spots could be separated by very slow, and rather tedious, column 
chromatography (see experimental). Further analysis of the two compounds identified 
them as the syn- and anti- isomers of the desired alkynol, in a total of 72% yield. 
Although the yield is satisfactory, the reaction is not particularly biased towards either 
the anti- or syn- isomer, and a ratio of merely 3:2 was found. Nevertheless, the 
approach was continued in an attempt to prepare sphingosine. Unfortunately, efforts 
to reduce the triple bond were not fruitful despite employing various conditions, 
including those that are reported as successful in reduction of the addition product of 
the Garner aldehyde (vide supra Scheme 3). Those methods, which were tried, are 
summarised in Scheme 5. 
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Scheme 4 Addition of pentadec-1-ynyllithium to N-trityl-(2S)-aziridine-2-carboxaldehyde 
 
 
Subjecting 11 to reaction with lithium aluminium hydride in THF at 35°C for 24 h 
failed to reduce the triple bond. NMR analysis proved the absence of the alkenyl 
protons and all starting material was recovered. An attempt to partially hydrogenate 
11, using Lindlar´s catalyst (Pd-BaSO4), was also unsuccessful. This method would 
have been particularly interesting, had it worked, as this reduction is cis-selective and 
therefore would have paved the way to the synthesis of the four cis diastereoisomers 
of sphingosine. After 1h, TLC revealed the absence of starting material. However, 
NMR and IR spectra indicated that the desired compound had not been formed. This 
was evident from the lack of the expected olefinic protons in the NMR spectrum and 
the absence of the OH absorption in the IR spectrum. Unfortunately, it was not 
possible to establish exactly what had happened. Finally, subjecting propargylic 
alcohol 11 to Benkeser´s reduction conditions,17 whereby 11 is treated with lithium in 
liquid ethylamine, does not effect reduction of the double bond to the desired extent. 
From NMR data it was possible to deduce that most alkynol remained unreduced. It 
is, however, evident that the trityl group is fully removed. 
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Scheme 5 Methods tried to reduce the triple bond in 11 
 
Since the reduction of the triple bond constitutes a major problem in this sequence and 
in view of the poor diastereoselectivity that is achieved in the addition of 
alkynyllithium to the aldehyde 5, a different approach was considered, namely that of 
the addition of a vinylalane to aldehyde 5. This sequence would produce a compound 
that already contains a double bond, thereby rendering any difficult reductions 
unnecessary. 
 
 
4.4 Addition of trans-pentadecenyldiisobutylalane to aldehyde 5  
 
The addition of Newman´s trans-vinylalane18 12 to a chiral α-amino aldehyde is also 
frequently considered in the many reports on the synthesis of sphingosine12a,b,e,19. 
Although these reports show that only a limited amount of success has been achieved 
with the various aldehyde substrates employed, in terms of selectivity, it nevertheless 
constitutes a worthy method to investigate using chiral aldehyde 5. It is apparent from 
the above-mentioned reports that the selectivity that is achieved can vary quite 
significantly according to the aldehyde that is employed in the reaction12a,b,e. As 
shown in Scheme 6, the diastereoselectivity varies to an extent large enough to 
warrant an investigation into the outcome that would be attained with 5 as the 
substrate. 
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Scheme 6 Addition of trans-pentadecenyldiisobutylalane to various α-amino aldehydes 
 
The vinylalane was prepared by hydroalumination of an alkyne with 
diisobutylaluminium hydride in a hydrocarbon solvent (Scheme 7). Formation of the 
vinylalane could be seen very clearly on TLC and once the reaction was complete, 
this was coupled to the aldehyde. As with the acetylide reaction described above, this 
reaction was also found to be moderately erythro selective, resulting in the formation 
of a 3:2 mixture of the diastereomeric secondary allylic alcohols 13. These 
compounds were isolated in 76% yield and could be separated by preparative HPLC 
using a chiral column (see experimental). In order to try to improve the 
diasteroselectivity of the reaction, tin chloride was added to the reaction mixture. Tin 
chloride has previously been shown to be very effective in affecting diastereomeric 
ratios when applied in the carbonyl-ene reaction of 5 (Scheme 8)15, furnishing the 
desired homoallylic alcohol in high yield and high diastereoselectivity of up to 10:1. 
The anti selectivity can be explained by invoking the Cram chelation model. In this 
chelate complex (Figure 6), the bulky trityl group on the nitrogen is sterically 
encumbering the si face of the carbonyl function and thus, attack occurs from the 
unhindered re face leading to the observed anti diastereomer. With this reasoning, it 
was envisaged that the presence of tin chloride in the reaction with the vinylalane 
would also be advantageous and that the selectivity would be improved. However, 
this turned out not to be the case and no reaction was observed at all, even not by 
altering the reaction conditions. 
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Scheme 7 Addition of trans-pentadecenyldiisobutylalane to N-trityl-(2S)-aziridine-2-carboxaldehyde 5 
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Scheme 8 Carbonyl-ene reaction of N-trityl-(2S)-aziridine-2-carboxaldehyde 5 
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Figure 6 Cram chelation model 
 
It was anticipated that in subsequent steps, compound 13 could be converted into the 
triacetyl derivative of sphingosine. The first step in realising this goal is the removal 
of the trityl group from the nitrogen by employing Benkeser´s conditions,17 whereby 
13 is treated with lithium in liquid ethylamine. These conditions are superior to 
lithium in liquid ammonia given the faster reaction and the higher yield that is 
obtained (compare 5h, 70% yield for Li/NH3 with 2h, 88% yield for Li/EtNH2) 
(Scheme 9). 
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Acetylation of both the oxygen and nitrogen functions gave rise to compound 15 
which underwent an intramolecular ring expansion by treatment of sodium iodide in 
acetone, known as the Heine reaction20, resulting in the formation of an oxazoline 
(Scheme 9). The initial ring opening takes place by the iodide ions, and subsequent 
ring closure by SN2 displacement of iodide by reaction with the negative oxygen 
center, leading to the product oxazoline (Scheme 10). At this point it was envisaged 
that hydrolysis of the oxazoline and subsequent acetylation would result in the 
formation of the triacetyl sphingosine 17, although at this stage the reaction was not 
performed. This reaction is discussed in more detail in section 4.5.3. 
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Scheme 9 Removal of the trityl group, acetylation and the Heine reaction 
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Scheme 10 Mechanism of the Heine reaction 
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4.5 Catalytic diastereoselective synthesis of protected sphingosine 
 
The enantioselective addition of organozinc reagents to aldehydes in the presence of 
appropriate chiral catalysts and ligands is one of the most extensively studied methods 
for asymmetric carbon-carbon bond formation. This has been described in detail in 
theChapters 2 and 3. 
Following the success of the addition of alkenylzinc reagents to aldehydes that was 
brought about by chiral ligand 6 (Chapter 3), it was anticipated that a similar approach 
could be followed in the preparation of sphingosine, applying aldehyde 5 and the 
appropriate alkenylzinc compound. 
Although there are several reports21 describing the preparation of vinylzinc reagents 
and the success that can be achieved in the addition of these reagents to aldehydes if 
the appropriate chiral ligand is chosen, there has been very little study on the use of 
these reagents in the addition to chiral α-amino aldehydes. 
In 1994, Soai and co-workers21e reported the diastereoselective addition of pentadec-
1-enyl(ethyl)zinc 18 to the Garner aldehyde by catalytic alkenylation involving (R)-
diphenyl(1-methylpyrrolidin-2-yl)methanol (R-DPMPM) (Figure 7) as the chiral 
ligand (Scheme 11). 
 
O NBoc
O
H
EtZn
C13H27
O NBoc
OH
C13H27
O NBoc
C13H27
OH
+
10 mol% R-DPMPM 
4
1
erythro
threo
toluene, 0°C18
 
Scheme 11 Addition of pentadec-1-enyl(ethyl)zinc to the Garner aldehyde in the presence of 10 mol% 
R-DPMPM 
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Figure 7 Ligands used by Soai et al in the addition to the Garner aldehyde 
 
In the presence of 10 mol% of (R)-DPMPM, the product allyl alcohol was formed in 
52% yield with a diastereoselectivity of 4:1 (anti/syn). When (S)-DPMPM was 
employed, the anti-isomer was still predominantly formed but with a somewhat 
reduced diastereoselectivity: 2:1, anti/syn. Using achiral 2-(dibutylamino)ethanol 19 
(Figure 7) as ligand in the same reaction, afforded the product with higher selectivity 
(7.3:1, anti/syn). This latter result does suggest that, in fact, in this reaction no 
catalytic behaviour is exhibited at all by the ligand DPMPM. Instead, the 
diastereoselectivity must be entirely attributed to the asymmetric centre in the Garner 
aldehyde. 
 
Andrés and Pedrosa more recently reported the addition of 18 to (S)-N,N-dibenzyl-O-
TBDMS serinal21f (Scheme 12). The reaction was performed without the presence of a 
chiral ligand and the product alcohol was obtained in 57% yield as a 4:1 mixture of 
diastereoisomers, where the syn diastereoisomer is in excess. 
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Scheme 12 Addition of pentadec-1-enyl(ethyl)zinc to (S)-N,N-dibenzyl-O-TBDMS-serinal 
 
4.5.1  N-Trityl-aziridinyl(diphenyl)methanol as the chiral ligand 
 
Addition of pentadec-1-enyl(ethyl)zinc 18 to N-trityl-aziridine-2-(S)-carboxaldehyde, 
in the presence of (S)-N-trityl-aziridinyl(diphenyl)methanol (S)-6, proceeded to give 
the addition product 13 with very high diastereoselectivity (Scheme 13). As described 
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in chapter 3, the alkenylzinc 18 is prepared in situ via transmetallation of diethylzinc 
with the hydroboration product of 1-pentadecyne and dicyclohexylborane. The 
reaction of two equivalents of the zinc derivative with 5 in the presence of 10 mol % 
of (S)-6, gave the addition product in 71 % yield and a gratifyingly high 
diastereoselectivity of 100% of the syn-isomer (2S, 3S). In contrast to the observation 
made by Soai et al, application of the opposite antipode of ligand 6, i.e. (R)-6, yields 
the anti-isomer (2S, 3R) 13´ in excess with still a very high diastereoselectivity of 
anti:syn = 86.5:13.5. 
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Scheme 13 Addition of pentadec-1-enyl(ethyl)zinc to N-trityl-aziridine-2-(S)-carboxaldehyde 
 
A polymer-supported version of the ligand (Figure 8) has also been developed and is 
almost equally effective as 6 in the enantioselective addition of diethylzinc to various 
aldehydes, both aromatic and aliphatic22. Utilising this ligand in the reaction between 
5 and the alkenylzinc reagent 18 offers the usual advantages that are associated with 
solid phase chemistry, viz. facilitated work-up and purification. It is necessary to 
modify the reaction conditions slightly because of working with the polymer-bound 
ligand. In the diethylzinc additions, a solvent mixture of toluene and dichloromethane 
1:1 (v/v) was found to be optimal, giving the best yield and enantioselectivity. The 
presence of dichloromethane is essential in order to swell the polymer so that the 
aziridinyl carbinol ligands become accessible to the substrates. These solvent 
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conditions were therefore applied in the alkenylzinc addition. The product 13 was 
formed in 50 % yield and with a ratio of syn/anti isomers of 88:12. Although this is 
somewhat lower than what is achieved with the free ligand, it is still a very pleasing 
result considering the steric factors associated with the polymer. 
 
N
Ph
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Figure 8 Polymer bound (S)-6 
 
4.5.2 Detritylation and acetylation 
 
Removal of the trityl group was effected as previously described by treatment of 13 
with lithium in liquid ethylamine, affording the N-unprotected compound 14 (Scheme 
14). Subsequent acetylation led to the crystalline diacetyl compound 15, which on 
HPLC analysis confirmed the presence of only the syn-isomer. The anti-isomer was 
achieved in a similar manner from 13´. At this stage there are two possibilities 
apparent: i. the Heine reaction20 to the give the oxazoline followed by ring opening by 
H3O+ as discussed in section 4.4 and, ii. direct hydrolytic opening of the aziridine 
ring. 
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Scheme 14 Detritylation and acetylation 
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4.5.3 Heine reaction of the syn-isomer 15 
 
In the previous sequence discussed in section 4.4, the total synthesis of sphingosine 
was not completed. After the successful Heine reaction of 15 it was assumed that the 
ring opening of the oxazoline would not give rise to any unanticipated complications 
and would result in the desired sphingosine. This was therefore the first method that 
was put into practice. 
Oxazoline 16 was successfully obtained by the Heine reaction, as was described in 
section 4.4 (Scheme 10). On treatment of oxazoline 16 with oxalic acid, a ring 
opening reaction occurs. It is expected that this would occur in the manner shown in 
Scheme 15, giving way to two possible outcomes, 20 and 17. However, neither of 
these compounds was isolated in the resulting product mixture, the products present 
could not be identified. The reason for this failing hydrolysis is not known. 
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Scheme 15 Attempted ring opening of the oxazoline 
 
Further attempts to successfully open the oxazoline ring were abandoned and focus 
was put upon the direct opening of 15. 
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4.5.4 Direct opening of the syn-isomer 15 
 
Direct hydrolytic ring opening of the diacetyl aziridine compound 15 was successfully 
accomplished by treatment of the compound with aqueous 1N sulfuric acid in THF. 
The ring opening occurred, as expected, by attack of the water solely at the C-1 
position, affording compound 20 in 85% yield (Scheme 16). 
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Scheme 16 Direct hydrolytic opening of the aziridine ring of 15 
 
Subsequent acetylation of the hydroxy group furnishes 2S,3S-threo-
triacetylsphingosine. All physical data of this compound were in total agreement with 
those reported in the literature23. Sphingosine itself is available from the triacetyl 
derivative by alkaline hydrolysis23c. 
 
4.5.5 Preparation of 2S,3R-erythro-triacetyl sphingosine from the anti-isomer 
15´ 
 
Following the results obtained from the opening reactions of 15, described in the two 
preceding paragraphs, compound 15´ was logically subjected to the conditions that 
were successful in the case of 15. Treatment of 15´ with 1N sulfuric acid and 
subsequent acetylation, however, failed to produce the desired 2S,3R-erythro-triacetyl 
sphingosine. Although difficult to characterise the product mixture thoroughly, 
analytical data did suggest that the aziridine ring had, to some extent, opened from the 
wrong C-atom, C2 instead of C1. Repeated attempts to open the aziridine in this 
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manner failed to bring about a positive result and efforts were reverted to the 
alternative, and previously unsuccessful Heine reaction. 
 
Subjecting compound 15´ to the conditions described in paragraph 4.5.3 affords 16´, 
which followed by acetylation astonishingly, but delightfully, resulted in the 
formation of the desired erythro-triacetylsphingosine, albeit in a rather low yield of 
approximately 15 % (Scheme 17). This was confirmed after isolation of the 
compound by column chromatography and analysis by the usual techniques, chiral 
HPLC and measurement of the optical rotation. All measurements agreed totally with 
those given in literature for 2S,3R-erythro-triacetyl sphingosine.  
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Scheme 17 Heine reaction of 15´and subsequent acetylation to afford (2S, 3R)-erythro-
triacetylsphingosine 
 
The total syntheses of (2S,3S)-threo-triacetylsphingosine and (2S,3R)-erythro-
triacetylsphingosine are summarized in Scheme 18 and Scheme 19, respectively. 
Remarkably, the hydrolysis of the syn oxazoline compound did not lead to the 
expected threo-triacetylsphingosine, while this reaction proceeded without any 
problem for the anti compound giving erythro-triacetylsphingosine. Fortunately, the 
hydrolysis of the syn diacetyl aziridine compound 11 was achieved with 1N H2SO4 
giving the desired threo-triacetylsphingosine. 
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Scheme 18 Total synthesis of (2S,3S)-threo-triacetylsphingosine 
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Scheme 19 Total synthesis of (2S,3R)-erythro-triacetylsphingosine 
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4.6 Mechanistic considerations 
 
The mechanism of the catalytic cycle has already been explained in Chapter 3, section 
3.4.1. The stereochemical outcome of the addition of an alkenylzinc species to an 
aldehyde in the presence of ligand 6 has also been discussed in this section of Chapter 
3. In this particular case however, addition has taken place to N-trityl-aziridine-2-(S)-
carboxaldehyde 5. Since this aldehyde already contains a chiral centre and also bears 
the sterically encumbering trityl group, the explanation is not as straightforward as 
that given for the aldehydes used in Chapter 3. The manner in which aldehyde 5 
approaches the (R)- and (S)-forms of the catalytic species will be different. A 
comparable scenario has been described in Chapter 2 whereby diethylzinc was the 
adding species. As already discussed in Chapter 3, section 3.4.1, these two systems 
(diethylzinc / alkenylzinc) are very similar because the only difference in the 
transition states is the transferring group. The same reasoning, therefore, which was 
given for the addition of diethylzinc to aldehyde 5 can be applied here. 
The application of (S)-6 as the chiral catalyst in the first reaction where the alkenyl 
group is added to aldehyde 5 obviously represents the case where the chiral centres of 
the aziridine carboxaldehyde and the ligand co-operate in the asymmetric induction, 
thus the aldehyde and ligand are matched. This is deduced from the high degree of 
selectivity that is achieved. 
When the reaction is performed in the presence of (R)-6 as the catalyst, the product 
alkenyl alcohol is formed, this time, with the anti-diastereomer predominating. The 
lower diastereoselectivity obtained can be explained by the mis-matching interaction 
of the aldehyde and ligand.  Considering this mis-match, the diastereoselectivity is 
still very high and certainly comparable to, or better than, the matched cases found in 
literature21e. 
 
 
4.7 Concluding remarks 
 
The catalytic diastereoselective synthesis of sphingosine described in section 4.5 
represents a novel route to all four diastereomers of sphingosine. The strategy of these 
syntheses has focussed on the application of the (S)-enantiomer of aldehyde 5 and it 
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has been demonstrated that the synthesis of L-threo-sphingosine and D-erythro-
sphingosine by employing (S)-6 and (R)-6, respectively, in the crucial first step 
wherein pentadec-1-enylzinc is added to the aldehyde moiety of the aziridine 
carboxaldehyde. The availability, however, of the (R)-enantiomer of the aldehyde 
means that D-threo-sphingosine and L-erythro-sphingosine are also accessible via this 
same route. 
 
 
4.8 Experimental details 
 
General remarks 
Melting points were determined using a Reichert thermopan microscope and are 
uncorrected. Optical rotations were measured with a Perkin Elmer automatic 
polarimeter, model 241 MC, using concentrations c in g/ 100ml at 20°C in the 
solvents indicated. 1H and 13C NMR spectra were recorded with a Bruker AC-300 
spectrometer. The chemical shift δ is given in ppm relative to the internal standard 
TMS for 1H-NMR and CDCl3 for 13C-NMR. FTIR spectra were recorded on an ATI 
Mattson – Genesis Series FTIR spectrometer. The wavenumbers ν are given in cm-1. 
For high-resolution mass spectra a double focussing VG7070E mass spectrometer was 
used. GC-MS were measured using a Varian Saturn II GC-MS by on column injection 
(DB-1 column, length 30m, internal diameter 0.25 mm, film thickness 0.25 µm. 
Elemental analyses were performed using a Carlo Erba instrument CHNS-O EA 1108 
element analyser.  
 
Chemicals 
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride 
and stored over 4Å molsieves. THF was pre-distilled from calcium hydride, and prior 
to use distilled from sodium/benzophenone. Hexane, heptane, ethyl acetate and 
dichloromethane were distilled from calcium hydride and stored over 4Å molsieves. 
Toluene was distilled from sodium and stored over 4Å molsieves. All other reagents 
were analytical grade and used as such. 
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N-Trityl-serine-methyl ester 2 
To an ice-cooled solution of L-serine methyl ester hydrochloride (5.00 g, 32.1 mmol) 
in dichloromethane (30 ml) Et3N (9.8 ml, 71 mmol) was added dropwise. The reaction 
mixture was stirred for 10 min. before a solution of trityl chloride (9.09 g, 33 mmol) 
in dichloromethane (50 ml) was added gradually. The reaction mixture was stirred 
overnight at ambient temperature. The progress of the reaction was monitored by TLC 
(hexane / ethyl acetate, 1 : 1).  The reaction mixture was washed with 10 % citric acid 
(3x 30 ml) and water (2x 20 ml), dried over MgSO4 and concentrated in vacuo. 
Removal of the solvent yielded 11.2 g (96 %) of a white solid. 1H NMR (100 MHz, 
CDCl3) δ : 3.29 (s, 3H, OCH3),  3.63 (2 H, m, ), 5.29 (s, 2H, NH, OH), 7.18-7.54 
(15H, arom.)  
 
Methyl N-trityl-(2S)-aziridine-2-carboxylate 3 
Compound 2 (11.00g, 30.5 mmol) was dissolved in dry THF (70 ml) and cooled in an 
ice bath. Et3N (10 ml, 68 mmol) was added and the reaction mixture was stirred for 5 
min. Methanesulfonyl chloride (3.3 ml, 42.6 mmol) was added very slowly over 15 
min. and stirred for 20 min. at 20°C. The temperature was raised to 66°C and the 
reaction mixture was heated at reflux for 48h. The progress of the reaction was 
monitored by TLC (hexane / ethyl acetate, 7 : 3). The reaction mixture was cooled to 
room temperature and ethyl acetate (75 ml) was added, followed by extraction with 
aqueous citric acid (10%) (3x 20 ml) and saturated sodium hydrogen carbonate (3x 20 
ml). The combined organic layers were dried (MgSO4) and concentrated in vacuo to 
give a solid, which on washing with hexane gave the product, 8.9 g, 85%. mp 127-
129°C (lit.24 127-129°C), 1H NMR (100 MHz) δ 1.4 (1 H, dd, J 1.5 and 6.2, β H), 
1.89 (1 H, dd, J 2.7 and 6.1, α H), 2.25 (1 H, dd, J 1.6 and 2.7), 3.76 (3 H, s, -OCH3), 
7.55-7.22 (15 H, m, arom.); IR νmax (KBr)/cm-1 3100-3000, 3000-2900, 1740 (C=O) 
and 1600. 
 
N-Trityl-aziridin-2-yl-methanol 4 
Compound 3 (6.50 g, 18.9 mmol), dissolved in dry THF (60 ml), was added dropwise 
to a suspension of lithium aluminium hydride (0.72 g, 18.9 mmol) in THF (20 ml) at 
0°C. The reaction mixture was stirred for 2 h at room temperature and the reaction 
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followed by TLC (hexane / ethyl acetate, 7 : 3). The mixture was diluted with ether, 
followed by careful addition of water (2.9 ml) and then stirred for 4h. The reaction 
mixture was passed through a bed of MgSO4 and the solvent evaporated to yield a 
thick liquid. On filtering through silica gel the product was obtained as a solid, 5.24 g 
(88 %). mp 124-126°C (lit.14 127-129°C). [α]20D = +8.8°, (c=1, CH2Cl2); 1H 1H NMR 
(100 MHz) δ 1.11 (1 H, d, J 6.2, -NCH2), 1.55 (1 H, m, -NCHCH2OH ) 1.85 (1 H, d, J 
3.2, -NCH2-), 3.8 (2 H, m, -CH2OH) 7.3 (15 H, m, arom.); MS (EI): m/e: 284 (M+-
CH2OH, 0.5), 257 (2), 243 (100), 77 (10), 33 (19). Calcd for C22H21NO: C, 83.77; H, 
6.71; N, 4.44. Found: C, 84.01; H, 6.83; N, 4.44. 
 
N-Trityl-(2S)-aziridine-2-carboxaldehyde 5 
Oxalyl chloride (1.87 ml, 21.4 mmol) was added to CH2Cl2 (30 ml) at –50°C. A 
solution of DMSO (3 ml, 42.8 mmol) in CH2Cl2 (10 ml) was added dropwise and the 
reaction mixture was stirred for 5 min at –50°C. A solution of compound 4 (6.12 g, 
19.4 mmol) in CH2Cl2 (30 ml) was added dropwise and the reaction mixture was 
stirred for 15 min. Triethylamine (13.5 ml, 97.2 mmol) was added and the temperature 
was allowed to reach room temperature. The reaction was monitored by TLC (hexane 
/ ethyl acetate, 85 : 15). The reaction mixture was diluted with CH2Cl2 and then water 
(50 ml) was added. The reaction mixture was extracted with CH2Cl2, the organic layer 
washed with brine (40 ml) and dried over MgSO4. The solvent was removed in vacuo 
yielding the crude product which on recrystallisation from hexane gave the aldehyde 
as a colourless solid 3.60 g (60 %); mp 124°C (lit.14 124-126.5°C); [α]D20 –64.0 (c 
1.1, CHCl3); 1H NMR (100 MHz) δ 1.54 (1 H, d, J 6.8, -NCH2- ), 1.94 (1 H, m, -
NCH-), 2.33 (1 H, d, J 1.7, -NCH2-), 7.23-7.53 (15 H, m, arom.), 9.34 (1 H, d, J 6.3, -
CHO). Anal. Calc. for C22H21NO: C, 83.77; H, 6.71; N, 4.44. Found: C, 84.03; H, 
6.80; N, 4.43. m/z (EI) (%): 313 (M+, 30), 243 ( Ph3C⊕, 100). 
 
Tetradecanal 8 
A solution of oxalyl chloride (7.7 ml, 88 mmol) in CH2Cl2 (100 ml) was cooled to –
60°C. A solution of DMSO (13.7 ml, 192 mmol) in CH2Cl2 was added dropwise and 
the reaction mixture was stirred for 15 min. The temperature was brought to –10°C 
and a solution of tetradecan-1-ol (8.57 g, 40 mmol) CH2Cl2 in (50 ml) was slowly 
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added. The mixture was stirred for 15 min. before triethylamine (55.7 ml, 400 mmol) 
was added. After stirring for a further 5 min. at –10°C, the reaction mixture was 
allowed to slowly attain room temperature. The progress of the reaction was followed 
by TLC (hexane/ethyl acetate, 4:1). The reaction mixture was diluted with ether and 
the Et3N.HCl precipitate was filtered off. The residue was washed with ether and the 
filtrate dried (Na2SO4). Removal of the solvent in vacuo, followed by column 
chromatography (SiO2, eluent: hexane/ethyl acetate 4:1) yielded the aldehyde 7.45 g 
(88 %). 
1H NMR (100 MHz) δ: 0.88 (3 H, t, J 5.2, -CH3), 1.43 (22 H, m, aliphatic chain), 2.4 
(2 H, m, -CH2CHO), 9.76 (1 H, t, J 1.8, -CHO). IR (neat) νmax/cm-1: 1730 (C=O). 
1,1-dibromo-pentadec-1-ene 9 
To a mixture of 7 (7.00 g, 33 mmol) and carbon tetrabromide (21.9 g, 66 mmol) in 
CH2Cl2 (100 ml) was added triphenylphosphine (34.63 g, 132 mmol) in small portions 
at 0°C. The progress of the reaction was monitored by TLC (hexane/ethyl acetate, 
9:1). The mixture was diluted with hexane and a brown precipitate was formed. The 
solution was decanted and the brown mass washed with hexane (2x 100 ml). The 
solvent was evaporated in vacuo and the crude product purified by column 
chromatography (SiO2). Elution with hexane yielded the dibromoalkene as a 
colourless oil 11.17 g (92 %). 
1H NMR (100 MHz) δ: 0.88 (3 H, t, J 5.3, -CH3), 1.3 (22 H, m, aliphatic chain), 2.0 
(2 H, q, J 6.8, 13.9, -CH2CH-), 6.38 (1 H, t, J 7.2, CH=C); m/z (EI) (%): 368 (M+). 
 
N-Trityl-1-[(2S)-aziridin-2-yl]-hexadec-2-yn-1-ol 11 
Compound 9 (552 mg, 1.5 mmol) was dissolved in THF (10 ml) and cooled to –10°C. 
n-Butyllithium (2.2 ml, 3.3 mmol, 1.5 M in hexane) was added dropwise and the 
reaction mixture was stirred for 1 h. The temperature was allowed to reach 15°C and 
stirring was continued for 1 h. The reaction mixture was cooled to –78°C and a 
solution of (S)-5 (313 mg, 1 mmol) in THF (10 ml) was added. The progress of the 
reaction was followed by TLC (hexane/ethyl acetate, 9:1). After 2 h the mixture was 
diluted with ether and quenched with saturated NH4Cl (aq) solution. The aqueous 
phase was extracted with ether, dried (MgSO4) and the solvent was removed in vacuo. 
Purification by column chromatography (SiO2, hexane/ethyl acetate 9:1) yielded the 
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product as a mixture of anti and syn diastereomers, total: 375 mg (72 %). Very slow 
column chromatography allows partial separation of the anti (erythro) isomer. 
1H NMR (300 MHz) δ: 0.87 (3 H, t, J 6.4, -CH3), 1.29-1.40 (23 H, m, contains 22 H 
aliphatic chain, 1 H -NCH2-), 1.66 (1 H, m, -NCH2-), 1.9 (1 H, d, J 2.6, -NCH-), 2.05 
(2 H, m, -C≡CCH2-) 4.39 (1 H, m, -CH(OH)-) 7.19-7.50 (15 H, m, arom.). 13C NMR 
(100 MHz) δ: 14.0 (-CH3), 16.6 (-C≡CCH2-), 22.6 (-CH2CH3), 23.5 (-C≡CCH2CH2-) 
26.0-27.0 (aliphatic chain CH2´s), 31.6 (-NCH2-CH-), 37.6 (-NCHCH(OH)-), 61.5 (-
CHOH), 73.5 (-CPh3), 79.9 (-C≡CCH2-), 85.8 (-CH(OH)C≡C-), 128.0-144.0 (CAR.). 
IR(neat) νmax/cm-1: 3400 (OH), 2215 (-C≡C-), 1590 (CPh3). m/z (EI) (%): 521 (M+, 
42), 504 (- OH, 35), 243 ( Ph3C⊕, 100). 
Pentadec-1-yne  
A solution of compound 9 (1.84 g, 5 mmol) in THF (15 ml) was cooled to –78°C and 
n-BuLi (7 ml, 10 mmol, 1.5 M in hexane) was added. The reaction mixture was stirred 
for 1 h and then the temperature was brought to 20 °C. The progress of the reaction 
was followed by TLC (hexane). After 1 h. at 20°C the reaction mixture was diluted 
with ether (10 ml) and quenched with ice (≈ 1 g). The aqueous phase was extracted 
with hexane, dried (MgSO4) and concentrated in vacuo. The crude product was 
purified by column chromatography (SiO2, hexane) to yield the pure product as a 
colourless oil, 936 mg (90 %). 
1H NMR (100 MHz) δ: 0.8 (3 H, t, J 5.2, -CH3), 1.26 (22 H, m, 11x CH2), 1.93 (2 H, 
t, J 2.6, -CH2C≡CH), 2.2 (1 H, m, -C≡CH). IR (neat) νmax/cm-1: 3310 (-C≡CH), 2120 
(-C≡C-), 1462 (alkane chain). 
 
(1S)-1-(N-Trityl-(2S)-aziridin-2-yl)-hexadec-2-en-1-ol 13 
Method A: Reaction with vinylalane 
Pentadec-1-yne (416 mg, 2 mmol) dissolved in hexane (5 ml) was cooled in an ice-
bath and DIBAL-H (1.4 ml, 2.1 mmol, 1.5 M in hexane) was added dropwise. The 
mixture was heated at 55°C for 4 h. until TLC (hexane) showed the absence of 
starting material and the formation of the alane complex. The reaction mixture was 
then cooled to –78°C. A solution of (S)-5 was added dropwise and the resulting 
mixture was stirred for 3 h. The progress of the reaction was followed by TLC 
(hexane/ethyl acetate, 9:1). The reaction mixture was quenched with Na2SO4.10H20 (8 
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g) and stirred overnight. The mixture was passed through dry Na2SO4 and the residue 
was washed with ether. The solvent was removed to give a thick liquid which was 
preadsorbed on silica  gel and purified by column chromatography (SiO2, eluent: 
hexane/ethyl acetate 93:7) yielding the pure product as a mixture of anti and syn 
diastereomers, 795 mg (76 %). 
1H NMR (100 MHz) δ: 0.87 (3 H, t, J 6.0, -CH3), 1.45-1.58 (2 H, m, 1 H: -NCH-and 1 
H: -NCH2-), 1.80-1.90 (3 H, m, 2 H: -CH=CHCH2- and 1 H: -NCH2-), 4.04 and 4.40 
(1 H, 2x m, -CH(OH)-, 4.04: threo isomer, 4.40: erythro isomer), 5.49 (1 H, m, -
CH(OH)CH=CH-), 5.78 (1 H, m, -CH=CHCH2-), 7.22-7-55 (15 H, arom.). 13C NMR 
(100 MHz) δ: 14.1 (-CH3), 22.0 (-CH2CH3), 22.6-29.6 (aliphatic chain),  
31.9 (-NCH2-), 35.9 (-NCH-), 68.5 (-CPh3, erythro isomer), 72.4 (-CHOH), 73.7 (-
CPh3, threo isomer), 126.0-129.0 (CAR), 134.5 (-CH=CHCH2-), 144.0 (-CH=CHCH2-
). IR (neat) νmax/cm-1: 3400 (OH), 1670 (-C=C-). HPLC (chiralcel column OD-H, 
flow: 0.5 ml/min, r.t: 10.35 min. threo isomer, 12.82 min. erythro isomer, anti/syn 
3:2). m/z (EI) (%): 524 (M+1, 5), 446 (-Ph, 45), 243 ( Ph3C⊕, 100), 77 (Ph, 6). 
 
Method B: Reaction with alkenylzinc 
Cyclohexene (0.5 ml, 4.92 mmol) was added to a solution of borane dimethylsulfide 
complex (1.2 ml, 2.37 mmol, 2 M in toluene) at 0°C and the suspension obtained was 
stirred for 3 h maintaining 0°C. Pentadec-1-yne (512 mg, 2.46 mmol) was added and 
stirring was continued for 1 h at room temperature. The reaction mixture was cooled 
to –25°C and diethylzinc (2.6 ml, 2.59 mmol, 1 M in hexane) was slowly added. After 
5 min. when the reaction mixture turned black, a solution of the ligand (S)-6 (70 mg, 
0.15 mmol) in toluene (5 ml) was added. The temperature was brought to 0°C using 
an ice-bath, the aldehyde (S)-5 (500 mg, 1.6 mmol) was added and the reaction 
mixture was stirred for 48 h. The progress of the reaction was followed by TLC 
(toluene/hexane 3:1). Sat. NH4Cl solution was added to the reaction mixture and this 
was stirred for 30 min. before extracting with ether (3x 20 ml). The combined organic 
layers were dried (MgSO4) and concentrated in vacuo. The crude product was purified 
by column chromatography (SiO2, toluene/hexane, 3:1) very slowly to obtain 
separation from 6. The pure product was obtained as an oil, yield: 548 mg (65 %). 
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1H NMR (300 MHz) δ: 0.87 (3 H, t, J 6.3, -CH3), 1.12-1.30 (22 H, m, 11x CH2), 1.47 
(2 H, m, 1 H: -NCH-and 1 H: -NCH2-), 1.83 (1 H, d, J 3.2, -NCH2-), 1.95 (2 H, m, -
CH=CHCH2-), 2.53 (1 H, d, -OH), 4.04 (1 H, m, -CHOH threo isomer), 5.36-5.44 (1 
H, m, -CH(OH)CH=CH-), 5.60-5.70 (1 H, m, -CH=CHCH2-), 7.15-7.50 (15 H, m, 
arom.). 13C NMR (300 MHz) δ: 14.1 (-CH3), 21.4-31-9 (aliphatic chain), 32.1 (-
NCH2-), 37.6 (-NCH-), 72.4 (-CHOH), 73.6 (-CPh3, threo isomer), 125.0-130.0 
(CAR.), 132.5 (-CH(OH)CH=CH-), 144.1 (-CH=CHCH2-). IR (neat) νmax/cm-1: 3400 
(OH), 1670 (-C=C-). m/z (EI) (%): 523 (M+), 446 (-Ph, 45), 243 ( Ph3C⊕, 100), 77 
(Ph, 6). HPLC (chiralcel column OD-H, flow: 0.5 ml/min, r.t: 10.0 min. threo 
diastereomer, 100 % d.e. (syn). 
Method C: Reaction with alkenylzinc using polymer bound S-6 
Cyclohexene (0.38 ml, 3.10 mmol) was added to a solution of borane dimethylsulfide 
complex (0.75 ml, 1.50 mmol, 2 M in toluene) at 0°C and the suspension obtained 
was stirred for 3 h maintaining 0°C. Pentadec-1-yne (338 mg, 1.62 mmol) was added 
and stirring was continued for 1 h at room temperature. The reaction mixture was 
cooled to –25°C and diethylzinc (1.62 ml, 1.62 mmol, 1 M in hexane) was slowly 
added and stirred for 15 min. This mixture was then slowly transferred to another 
flask which contained polymer-bound (S)-6 (140 mg, 0.1 mmol) suspended in a 1 : 1 
mixture of toluene and dichloromethane (20 ml) and stirred for 48 h. The progress of 
the reaction was followed by TLC (toluene/hexane 3:1). Sat. NH4Cl solution was 
added to the reaction mixture and this was stirred for 30 min. The resin was removed 
by filtration and washed with dichlormethane (5 x 5 ml). The organic layer was dried 
(MgSO4) and concentrated in vacuo. The crude product was purified by column 
chromatography (SiO2, toluene/hexane, 3:1). 
 
(1R)-1-(N-Trityl-(2S)-aziridin-2-yl)-hexadec-2-en-1-ol 13´ 
The experimental procedure method B described for 13a was followed, using (R)-6 as 
chiral catalyst. The analytical data are the same except for the 1H NMR and 13C NMR. 
1H NMR (300 MHz) δ: 4.32 (1 H, m, -CHOH erythro isomer). 13C NMR (300 MHz) 
δ: 68.5 (-CPh3). HPLC (chiralcel column OD-H, flow: 0.5 ml/min, r.t: 12.34 min. 
(13.5 %, threo), 14.67 min. (86.5 %, erythro): 72 % d.e. erythro diastereomer. 
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(1S)-[(2S)-Aziridin-2-yl]-hexadec-2-en-1-ol 14 
Ethylamine (2 ml), was transferred quickly to a 3-necked flask, under argon, at 0°C 
and a small piece of lithium was added. The temperature was lowered to –78°C and 
the mixture was stirred for 15 min. until the solution became blue. The reaction 
mixture was stirred for a further 45 min. and then a solution of 13 (150 mg, 0.29 
mmol) in THF (10 ml) was added slowly. After 3 h at –78°C, TLC (hexane/ethyl 
acetate, 9:1) showed the absence of starting material. The mixture was diluted with 
ether, quenched with saturated NH4Cl solution (10 drops) and stirred overnight. Solid 
Na2SO4 was added and the reaction mixture was filtered through a pad of Na2SO4. 
Removal of the solvent in vacuo followed by column chromatography (SiO2, eluent: 
CHCl3/CH3OH 92:8). Yield: 71 mg (88 %). 
1H NMR (300 MHz) δ: 0.88 (3 H, t, J 6.3, -CH3), 1.17-1.38 (22 H, m, 11x CH2), 1.55-
1.85 (2 H, 4x d, J 3.5, 6.1, -NCH2-), 2.05 (2 H, m, -CH=CHCH2-), 2.15 (1 H, m, -
NCH-), 3.70 (1 H, m, -CHOH), 5.41-5.58 (1 H, m, -CH(OH)CH=CH-), 5.70-5.80 (1 
H, m, -CH=CHCH2-). 13C NMR (300 MHz) δ: 14.1 (-CH3), 22.6 (-NCH2-), 29.0-32.2 
(aliphatic chain), 34.5 (-NCH-), 73.4 (-CHOH), 129.5 (-CH(OH)CH=CH), 133.1 (-
CH=CHCH2-). IR (CCl4) νmax/cm-1: 3400 (OH), 3300 (NH), 1650 (C=C), 1440 
(alkane chain). 
 
(S)-1-Acetoxy-1-(1-acetyl-(2S)-aziridin-2-yl)-hex-2-ene 15 
Compound 14 (60 mg, 0.21 mmol) was dissolved in dry pyridine (0.5 ml) and 3 drops 
of acetic anhydride followed by a catalytic amount of DMAP were added. The 
reaction mixture was stirred overnight. The progress of the reaction was monitored by 
TLC (hexane/ethyl acetate, 4:1). The reaction was quenched with ice and stirred for 
30 min. Then the mixture was dissolved in ether, which was washed with CuSO4 
solution (3x 5 ml), water (2x 5 ml) and brine (1x 5 ml). The organic phase was dried 
(MgSO4) and concentrated in vacuo to give a thick liquid which on purification by 
column chromatography (SiO2, hexane/ethyl acetate 4:1) yielded the pure product 
which solidified on standing: 51 mg, (85%). mp: 47°C 
1H NMR (300 MHz) δ: 0.88 (3 H, t, J 6.3, -CH3), 1.30 (22 H, m, 11x CH2), 2.03-2.15 
(9 H, m, 2x H: -CH=CHCH2-, 1x H: -NCH2-, 3x H: -OCOCH3, 3x H: -ONCOCH3), 
2.41 (1 H, d, J 6.1, -NCH2-), 5.0 (1 H, m, -CHOH), 5.45 (1 H, m, -CH(OH)CH=CH-), 
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5.80 (1 H, m, -CH=CHCH2-). 13C NMR (300 MHz) δ: 14.1 (-CH3), 21.1 (-NCOCH3), 
22.6 (-NCH2-), 23.3 (-OCOCH3), 28.0-32.0 (aliphatic chain), 38.5 (-NCH-), 74.6 (-
CHOH), 123.9 (-CH=CHCH2-), 136.7 (-CH=CHCH2-), 169.7 (-OCOCH3), 182.5 (-
NCOCH3). IR (neat) νmax/cm-1: 1735 (O-C=O), 1700 (N-C=O), 1620 (C=C). m/z (EI) 
(%): 365 (M+, 59), 306 (-CO2CH3, 87), 43 (COCH3, 100). Found: 72.5 % C, 10.79 % 
H, 3.93 % N. 
 
(S)-1-Acetoxy-1-(2-methyl-4,5-dihydro-oxazol-4-yl)-hexadec-2-enyl ester 16 
Compound 15 (40 mg, 0.11 mmol) was dissolved in acetone (5 ml) and to the 
resultant mixture a few crystals of sodium iodide were added. The solution was heated 
at reflux for 5 h until TLC (hexane/ethyl acetate, 7:3) showed the absence of starting 
material. Acetone was removed in vacuo and water (5 ml) was added. The reaction 
mixture was extracted with ether (5 ml), washed with brine (1x 5 ml) and dried 
(MgSO4). Removal of the solvent in vacuo yielded a thick liquid which on 
purification by column chromatography (SiO2, hexane/ethyl acetate 7:3) gave the 
oxazoline product 36 mg (90 %). 
1H NMR (300 MHz) δ: 0.88 (3 H, t, J 6.4, -CH3), 1.20-1.50 (22 H, m, 11x CH2), 1.95-
2.20 (8 H, m, contains: 2 H, -CH=CHCH2-; δ 2.0, 3H, s, -OCOCH3; δ 2.1, 3 H, d, J 
2.4, -N=CHCH3), 4.05 (1 H, m, C=NCH-), 4.20 (2 H, m, -OCH2-), 5.24-5.29 (1 H, m, 
-CHOCOCH3), 5.34-5.47 (1 H, m, -CHCH=CHCH2-), 5.72-5.85 (1 H, m, -
CHCH=CHCH2-). IR (neat) νmax/cm-1: 1740 (C=O), 1670 (C=N). 
 
L-threo-Sphingosine-N,O,O-triacetate 17 
Compound 15 (50 mg, 0.14 mmol) was dissolved in THF (5 ml) and a few drops of 
1N H2SO4 (aq) were added. The reaction mixture was stirred at room temperature for 
1 h. The progress of the reaction was monitored by TLC (heptane/ethyl acetate, 7:3). 
The reaction mixture was diluted with ether (5 ml) and then sat. NaHCO3 solution (5 
ml) was added. The reaction mixture was extracted with ether (3x 5 ml) and the 
combined organic layers were dried (MgSO4) and concentrated in vacuo yielding an 
oil 46 mg (85 %). The oil was immediately dissolved in 15 drops of pyridine and 5 
drops of acetic anhydride were added. The reaction mixture was stirred overnight. The 
progress of the reaction was followed by TLC (ether/heptane, 4:1). The reaction 
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mixture was diluted with ether (10 ml) and quenched with ice. The organic phase was 
washed successively with sat. CuSO4 solution (3x 10 ml), water (2x 10 ml) and brine 
(1x 10 ml. The organic layer was dried (MgSO4) and concentrated in vacuo to give an 
oil which solidified on standing. Yield: 26 mg (51 %). mp: 42-44°C (lit.23a 41-42°C), 
[α]D20  +10.0 (c=1.3, CHCl3). 
1H NMR (400 MHz) δ: 0.88 (3 H, t, J 6.7, -CH3), 1.25-1.37 (22 H, m, 11x CH2), 1.96-
2.10 (11 H, m, contains 2 H: -CH=CHCH2-, 2x 3 H: OCOCH3, 3 H: NCOCH3), 4.08 
(2 H, m, -CH2OCOCH3), 4.4 (1 H, m, -CHOCOCH3), 5.39 (2 H, m, contains 1 H: -
NCH-, 1 H: -CH=CHCH2-), 5.7 (1 H, m, -CH=CHCH2-). 13C NMR δ: 14.1 (-CH3), 
20.6 (-OCOCH3), 21.0 (-CH2CH3), 22.6 (-OCOCH3), 23.1 (-NCOCH3), 28.7-39.2 
(aliphatic chain), 50.9 (-NCH-), 63.0 (-OCH2-), 73.0 (-OCH-), 124.1 (-CH=CHCH2-), 
137.2 (-CH=CHCH2-), 169.8 (C=O), 170.0 (C=O), 170.5 (-N-C=O). 
 
D-erythro-Sphingosine-N,O,O-triacetate 
Compound 16´ (50 mg, 0.14 mmol) was dissolved in THF (5 ml) and oxalic acid (the 
tip of a spatula) was added. The reaction mixture was stirred for 1 hour. The reaction 
was followed by TLC (heptane / ethyl acetate, 7:3). The reaction mixture was washed 
with sat. sodium bicarbonate solution, (3 x 5 ml), water (5 ml) and extracted with 
chloroform (3 x 10 ml). The chloroform was removed in vacuo in preparation for 
acetylation. The crude compound was dissolved in a few drops of pyridine, acetic 
anhydride (a few drops) was added followed by a catalytic amount of DMAP.  The 
reaction mixture was stirred at room temperature overnight. The reaction mixture was 
washed with sat. copper sulfate solution (3 x 5 ml) and extracted with ether (3 x 5 ml). 
The organic layer was washed with water (5 ml) and brine (5 ml), dried (MgSO4) and 
the solvent removed in vacuo. This resulted in the crude product, yield 9.0 mg (15 %). 
mp: 102°C (lit.23a 102-103°C). 
1H NMR (400 MHz) δ: 0.88 (3 H, t, -CH3), 1.18-1.23 (22 H, m, 11x CH2), 1.96-2.08 
(11 H, m, contains 2 H: -CH=CHCH2-, 2x 3 H: OCOCH3, 3 H: NCOCH3), 4.04 (1 H, 
dd, -CH2OCOCH3), 4.30 (1 H, ddm, -CH2OCOCH3), 4.43 (1 H, m, -NCH-), 5.28 (1 
H, m, -CHOCOCH3), 5.39 (1 H, m, -CH=CHCH2-), 5.62 (1 H, d, NH), 5.78 (1 H, m, -
CH=CHCH2-). Calcd: 67.73 % C, 10.18 % H, 3.29 % N; Found: 64.49 % C, 9.51 % 
H, 2.73 % N. 
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 Summary 
 
This thesis deals with functionalised aziridines in synthesis and asymmetric catalysis 
as a means of obtaining enantiomerically pure compounds. The importance of 
enantiomerically pure compounds is described in the introductory chapter and several 
examples highlighting the differences, which can occur between enantiomers, are 
given. The various routes which can be taken in order to obtain enantiomerically pure 
compounds are mentioned with more detailed attention given to asymmetric synthesis. 
Here, tribute is paid to the Nobel prize winners for Chemistry of 2001 for their 
pioneering contribution to the development of catalytic asymmetric hydrogenation 
and oxidation reactions, namely W. S. Knowles, R. Noyori and K. B. Sharpless. In 
this chapter an introduction to aziridines is also given with a brief description of the 
various synthetic applications of chiral aziridines. 
 
In all chapters, the application of aziridine-derived ligands for carbinols alcohols are 
synthesised and compared as catalyst in the asymmetric addition of diethylzinc to 
benzaldehyde to form the corresponding secondary alcohol (Scheme 1). 
 
O
HPh
N
OH
RR
R´ OH
Ph
+ 2 Et2Zn toluene, r.t. *
e.e. = 58 - 99 %
 
Scheme 1 Enantioselective addition of diethylzinc to benzaldehyde catalysed by aziridine derived 
amino alcohols 
 
N-trityl-aziridinyl(diphenyl)methanol 1 (Figure 1) was the most efficient chiral 
catalyst of those investigated, achieving enantioselectivities of up to 99 % for both 
aromatic and aliphatic aldehydes. Both (R)- and (S)- antipodes of 1 are conveniently 
available from D- and L- serine, respectively, which allows the synthesis of both 
enantiomers of the secondary alcohol.  
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N
OH
Ph Ph
Tr
N
OH
Ph Ph
Tr
(S)-1 (R)-1  
Figure 1 N-Trityl-aziridinyl(diphenyl)methanol 
 
The very high enantioselectivities achieved with ligand 1 in comparison to other 
aziridinyl methanol ligands, especially for aliphatic aldehydes, indicate that the 
structurally fine-tuning of a ligand is important if optimum chiral induction is to be 
achieved. Steric bulk of both the alcohol moiety and the nitrogen substituent are 
crucial for a ligand to be an effective chiral catalyst. These observations, including 
reasoning behind the stereochemical outcome of the reaction, are explained by means 
of a modified version of a transition state model which was previously published. 
 
In Chapter 3 the catalytic asymmetric addition of alkenylzinc reagents to aldehydes is 
presented using aziridinyl carbinol 1 as the chiral catalyst (Scheme 2). This reaction 
affords synthetically very versatile chiral allylic alcohols which are often key 
intermediates in numerous reactions, including cyclopropanation reactions, 
aziridination reactions, epoxidations, dihydroxylations, brominations and allylic 
substitution reactions. 
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R1
BH 2
R2Zn
R1
R3
OH
B 
R1
R3 R1
OH
hexane, 0°C - r.t
(R2)2Zn
hexane, -78°C 
10 mol % 1.
R3CHO
toluene
2 3
4not found
5
2
*
R2
 
Scheme 2 Preparation of allylic alcohols by the addition of alkenylzinc reagents formed from a 
hydroboration and transmetallation reaction 
 
As depicted in Scheme 2, the alkenylzinc compounds 3 were generated in situ via the 
hydroboration of alkynes with freshly prepared dicyclohexylborane, followed by 
transmetallation with either diethylzinc or dimethylzinc. Various types of alkenylzinc 
compounds generated in this manner subsequently underwent the enantioselective 
addition to aldehydes, both aromatic and aliphatic, in the presence of a ligand 1 to 
afford the corresponding chiral secondary allylic alcohols in e.e.´s. of up to 99 %. 
A range of alkynes, varying from straight-chain aliphatic terminal alkynes to the more 
sterically hindered branched terminal alkynes and even internal alkynes were 
successfully applied in the reaction. Perhaps more interestingly, this method was also 
suitable for the preparation of functionalised alkenylzinc reagents.  A similar model to 
that used to explain the stereochemical outcome of the diethylzinc reaction is used to 
represent the outcome of this reaction. 
 
Several of the allylic alcohols which were prepared, were subjected to hydrogenation 
using the P-2 catalyst (nickel acetate and sodium borohydride). This generated the 
corresponding saturated sec-alcohols 6 in almost quantitative yields (Scheme 3). 
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OH
R
OH
R
H2, P-2 catalyst
ethanol, r.t.
6  
Scheme 3 Reduction of allylic alcohols with the P-2 catalyst 
 
This topic was investigated because arriving at highly enantiopure secondary alcohols 
by the more conventional methods, such as the asymmetric reduction of ketones and 
the asymmetric addition of organometallic reagents to aldehydes, has proven difficult 
at times, especially when aliphatic aldehydes are involved. Since a large variety of 
allylic alcohols, including those of an aliphatic nature, can be prepared with high 
enantiopurity using the described method, the corresponding saturated alcohols should 
also be made available using the hydrogenation technique. This includes saturated 
secondary alcohols, which are difficult to prepare using other methods.  
 
The total synthesis of sphingosine is presented in Chapter 4. D-erythro-sphingosine, 
[(2S, 3R, 4E)-2-amino-3-hydroxy-octadec-4-en-1-ol] (Figure 2) is the structural unit 
common to almost all sphingolipids. These are ubiquitious membrane components of 
essentially all eukaryotic cells and play diverse roles in many biological systems, 
regulating cellular recognition, growth and development. 
 
OH
OH
NH2  
Figure 2 D-erythro-Sphingosine 
 
Three possible routes to sphingosine were investigated. Each utilises the exceptionally 
stable α-amino aldehyde N-trityl-aziridine-2-carboxaldehyde 7, which provides the 
stereochemistry at the C-2 position (Figure 3).  
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H
O
N
Tr 7  
Figure 3 N-trityl-aziridine-2-carboxaldehyde 
 
The first method involved the addition of an alkynyl lithium compound to aldehyde 7 
and resulted in the formation of a propargylic alcohol. Attempts to reduce the 
propargylic alcohol to the corresponding allylic alcohol failed and thus this method 
was abandoned. 
 
In the second method a vinylalane was prepared and subsequently added to N-trityl-
aziridine-2-(S)-carboxaldehyde 7. This resulted in the formation of a 3:2 mixture of 
the diastereomeric secondary allylic alcohol, where the anti-isomer 9´ was in excess. 
Although this compound could be further reacted to eventually give the desired 
sphingosine triacetate, the disappointing selectivity of 3:2 deemed this particular 
method unfavourable. 
 
In the third method, the alkenylzinc reagent 8 was added to aldehyde 7 in the presence 
of N-trityl-aziridinyl(diphenyl)methanol (S)-1 or (R)-1 as chiral catalyst (Scheme 4 
and Scheme 5). This time, syn-isomer (2S, 3S)- 9 was obtained in a gratifyingly high 
diastereoselectivity of 100% of the.  
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OH
Ph Ph
Tr 10 mol %
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OH
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OAc
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NHAc
OAc
AcO C13H27
NHAc
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1N H2SO4
THF
AC2O / pyridine
DMAP
(2S,3S)-threo-triacetylsphingosine
7 8 9
S-1
10 11
12
 
Scheme 4 Total synthesis of (2S,3S)-threo-triacetylsphingosine 
 
Application of (R)-1 in the reaction resulted in the allylic alcohol with a 
diastereoselectivity of 86.5:13.5, where the anti-isomer 9´ was predominant. 
Compounds 9 and 9´ were subjected to a series of reactions which resulted in L-threo-
sphingosine-N,O,O-triacetate and D-erythro-sphingosine-N,O,O-triacetate, 
respectively, both in 100 % d.e. 
The total syntheses of (2S,3S)-threo-triacetylsphingosine and (2S,3R)-erythro-
triacetylsphingosine are summarized in Scheme 4 and Scheme 5, respectively. 
Remarkably, the hydrolysis of the syn oxazoline compound did not lead to the 
expected threo-triacetylsphingosine, while this reaction proceeded without any 
problem for the anti compound giving erythro-triacetylsphingosine. Fortunately, the 
hydrolysis of the syn diacetyl aziridine compound 11 was achieved with 1N H2SO4 
giving the desired threo-triacetylsphingosine. 
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Scheme 5 Total synthesis of (2S,3R)-erythro-triacetylsphingosine 
 
 
The availability of the (R)-enantiomer of aldehyde 7 means that the opposite 
diastereomers D-threo-sphingosine and L-erythro-sphingosine are also accessible via 
this same route. 
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Dit proefschrift handelt over het gebruik van gefunctionaliseerde aziridines in de 
synthese en de asymmetrische katalyse voor het verkrijgen van enantiomeerzuivere 
verbindingen. Het belang van enantiomeerzuivere verbindingen wordt beschreven in 
de Introductie aan de hand van enkele voorbeelden, waarbij vooral ook wordt 
ingegaan op het verschil in eigenschappen van enantiomeren. De diverse 
syntheseroutes voor het verkrijgen van enantiomeerzuivere verbindingen worden 
beschreven, met extra aandacht voor de asymmetrische synthese. Een speciaal 
eerbetoon wordt gegeven aan W. S. Knowles, R. Noyori en K. B. Sharpless, de 
Nobelprijswinnaars voor scheikunde van 2001, voor hun pionierswerk bij de 
ontwikkeling van de katalytische asymmetrische hydrogenering en asymmetrische 
oxidatiereacties. Tevens wordt in dit hoofdstuk een inleiding gegeven over aziridines, 
alsmede een beknopte beschrijving van de verschillende synthetische toepassingen 
van chirale aziridines. 
 
In alle hoofdstukken komt de toepassing van aziridine-afgeleide liganden in de 
katalytische asymmetrische synthese aan de orde. In hoofdstuk 2 wordt de synthese 
van diverse aziridinyl-carbinolen beschreven en het gebruik er van als katalysator in 
de asymmetrische additie van diethylzink aan benzaldehyde onder vorming van de 
corresponderende secondaire alcohol (Schema 1). 
 
O
HPh
N
OH
RR
R´ OH
Ph
+ 2 Et2Zn
tolueen, r.t. *
e.e. = 58 - 99 %
 
Schema 1 Enantioselectieve additie van diethylzink aan benzaldehyde gekatalyseerd door van 
aziridine afgeleide aminoalcoholen 
 
 In de reeks van onderzochte aziridinyl-carbinolen bleek N-trityl-
aziridinyl(difenyl)methanol 1 de meest efficiente chirale katalysator te zijn in deze 
reactie, waarbij enantioselectiviteiten van wel 99% werden behaald voor zowel 
aromatische als alifatische aldehydes. De (R)en (S)- antipoden van 1 zijn eenvoudig te 
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verkrijgen uit respectievelijk D- en L-serine, waardoor de synthese van beide 
enantiomeren van secondaire alcoholen volgens Schema 1 mogelijk is. 
 
N
OH
Ph Ph
Tr
N
OH
Ph Ph
Tr
(S)-1 (R)-1  
Figuur 1 N-Trityl-aziridinyl(difenyl)methanol 
 
De zeer hoge enantioselectiviteiten, die zijn verkregen met ligand 1, in vergelijking 
met andere aziridinyl-carbinol-liganden, _ in het bijzonder voor de additie van 
diethylzink aan alifatische aldehydes _, duiden erop dat fijn-afstemming van een 
ligandstructuur van groot belang is om optimale chirale inductie te bewerkstelligen. 
Sterische bulk van zowel het carbinolgedeelte als de substituent aan stikstof, zijn 
essentieel voor een ligand om een effectieve chirale katalysator te zijn. Deze 
waarneming, als ook het stereochemische verloop van de reactie, worden verklaard 
met behulp van een aangepaste versie van een onlangs gepubliceerd model van de 
overgangstoestand voor dit type additiereacties. 
 
In hoofdstuk 3 wordt de katalytische asymmetrische additie van alkenylzink-reagentia 
aan aldehydes met behulp van aziridinyl-methanol 1 als de chirale katalysator, 
beschreven (Schema 2). Deze reactie levert de synthetisch zeer waardevolle chirale 
allylalcoholen op, die vaak sleutelverbindingen zijn in diverse syntheses, zoals 
cyclopropaneringsreacties, aziridinerings-reacties, epoxidaties, dihydroxylaties, 
bromeringen en allylische substitutiereacties. 
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Schema 2 Bereiding van allylalcoholen door additie van alkenylzink aan aldehydes 
 
De alkenylzinkreagentia 3, weergeven in Schema 2, werden in situ gegenereerd door 
middel van de hydroborering van alkynes met vers bereid dicyclohexylboraan, 
gevolgd door transmetallering met diethylzink of dimethylzink. Verschillende types 
van deze aldus gegenereerde alkenylzink-verbingen werden vervolgens gebruikt voor 
de enantioselectieve additie aan de aldehydes, zowel aromatische als alifatische, in de 
aanwezigheid van ligand 1 voor het bereiden van de corresponderende chirale 
secondaire allylalcohol in e.e.'s tot 99 %. 
Een serie alkynen, varierend van rechte-keten alifatische eindstandige alkynen tot de 
meer sterisch gehinderde vertakte eindstandige alkynen en ook interne alkynes 
werden met succes gebruikt in de reacties die in Schema 2 weergeven zijn. Interessant 
is ook, dat deze methodiek tevens toepasbaar is voor de synthese van 
gefunctionaliseerde alkenylzink-reagentia. Het stereochemische verloop van deze 
additiereactie wordt verklaard met een model voor de overgangstoestand vergelijkbaar 
met dat opgesteld voor de diethylzink-reactie 
 
Een aantal van de bereide allylalcoholen werd gehydrogeneerd met de P-2 katalysator 
(nikkelacetaat en natriumborohydride), waarbij de corresponderende verzadigde sec-
alcoholen 6 in vrijwel kwantitatieve opbrengsten werden verkregen (Schema 3). 
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OH
R
OH
R
H2, P-2 katalysator
ethanol, r.t.
6  
Schema 3 Reductie van allylalcoholen met de P-2 katalysator 
 
Deze reductie werd met name onderzocht, omdat de bereiding van secondaire 
alcoholen met een hoge enantiomere zuiverheid volgens conventionele methoden, 
zoals de asymmetrische reductie van ketonen en de asymmetrische additie van 
organometaal-reagentia aan vooral alifatische aldehydes, niet eenvoudig is. Omdat 
een grote variëteit aan allylalcoholen, _ inclusief de alifatische types _, met een hoge 
enantiomere zuiverheid kan worden bereid volgens de methode beschreven in Schema 
2, zijn de corresponderende verzadigde alcoholen ook toegankelijk door de 
hydrogenering volgens Schema 3. Aldus kunnen ook verzadigde secundaire alcoholen 
worden bereid, die anderszins moeilijk te verkrijgen zijn. 
 
De totaalsynthese van sphingosine wordt behandeld in Hoofdstuk 4. D-erythro-
sphingosine, [(2S, 3R, 4E)-2-amino-3-hydroxy-octadec-4-en-1-ol] vormt de 
structurele eenheid die in de meeste sphingolipides voorkomt. Dit zijn algemeen 
voorkomende membraancomponenten in vrijwel alle eukaryotische cellen en ze 
spelen meerdere rollen in vele biologische systemen, zoals regulering van cellulaire 
herkenning, groei en ontwikkeling. 
 
OH
OH
NH2  
Figuur 2 D-erythro-Sphingosine 
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Drie mogelijke syntheseroutes voor sphingosine zijn onderzocht. In elke route werd 
gebruik gemaakt van het extreem stabiele α-amino-aldehyde, N-trityl-aziridine-2-
carboxaldehyde 7 (Figuur 3), dat zorg draagt voor de stereochemie op de C-2 positie  
H
O
N
Tr 7  
Figuur 3 N-trityl-aziridine-2-carboxaldehyde 
 
De eerste methode verliep via de additie van een alkynyllithium-verbinding aan 
aldehyde 7, hetgeen resulteerde in de vorming van een propargylalcohol. Pogingen tot 
reductie van de propargylalcohol tot de corresponderende allylalcohol mislukten, 
waarna deze methode werd opgegeven. 
 
In de tweede methode werd een vinylalaan bereid en geaddeerd aan N-trityl-aziridine-
2-(S)-carboxaldehyde 7. Dit resulteerde in de vorming van een 3:2 mengsel van de 
diastereomere secundaire allylalcoholen, waarin de anti-isomeer 9´ in overmaat 
aanwezig was. Alhoewel dit mengsel gescheiden kon worden om uiteindelijk het 
gewenste sphingosine-triacetaat te geven, werd deze methode vanwege de 
teleurstellende 3:2 selectiviteit als ongeschikt aangemerkt. 
 
In de derde methode werd het alkenylzink-reagens 8 geaddeerd aan aldehyde 7 in 
aanwezigheid van N-trityl-aziridinyl(difenyl)methanol (S)-1 or (R)-1 als chirale 
katalysator (Schema’s 4 en 5). Dit maal werd de syn-isomeer (2S, 3S). 9 bereid met 
een diastereoselectiviteit van 100 %. 
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Schema 4 Totaalsynthese van (2S,3S)-threo-triacetylsphingosine 
 
Gebruik van (R)-1 in de reactie resulteerde in de allylalcohol met een 
diastereoselectiviteit van 86.5:13.5, waarbij het anti-isomeer 9 in hoofdzaak aanwezig 
was. De verbingen 9 en 9´ werden onderworpen aan een serie reacties resulterend in 
de omzetting naar, respectievelijk, L-threo-sphingosine-N,O,O-triacetaat en D-
erythro-sphingosine-N,O,O-triacetaat, beide in 100 % d.e.  
De syntheses van (2S,3S)-threo-triacetylsphingosine en (2S,3R)-erythro-
triacetylsphingosine zijn samengevat in respectievelijk de Schema’s 4 en 5. Het is 
opmerkelijk dat de hydrolyse van het syn-oxazoline niet leidde tot het verwachte 
threo-triacetylsphingosine, terwijl deze reactie zonder enig probleem verliep voor de 
anti-verbinding, daarbij resulterend in erythro-triacetylsphingosine. Gelukkig kon de 
hydrolyse van de syn-diacetylaziridine verbinding 11 worden bewerkstelligd met 1N 
H2SO4 , hetgeen resulterende in het gewenste threo-triacetylsphingosine. 
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Schema 5 Totaalsynthese of (2S,3R)-erythro-triacetylsphingosine 
 
Omdat het (R)-enantiomeer van aldehyde 7 in principe ook voorhanden is, betekent 
dat de tegengestelde diasteromeren D-threo-sphingosine en L-erythro-sphingosine 
ook toegankelijk zijn via dezelfde routes. 
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